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Chemical & Biological

Introduction

National Security Program

The LLNL Chemical & Biological National Security
Program (CBNP) provides science, technology and integrated
systems for chemical and biological security. Our approach is
to develop and field advanced strategies that dramatically
improve the nation’s capabilities to prevent, prepare for, detect,
and respond to terrorist use of chemical or biological weapons.

Recent events show the importance of civilian defense
against terrorism. The 1995 nerve gas attack in Tokyo’s sub-
way served to catalyze and focus the early LLNL program on
civilian counter terrorism. In the same year, LLNL began
CBNP using Laboratory-Directed R&D investments and a
focus on biodetection. The Nunn-Lugar-Domenici Defense
Against Weapons of Mass Destruction Act, passed in 1996,
initiated a number of U.S. nonproliferation and counter-ter-
rorism programs including the DOE (now NNSA) Chemical
and Biological Nonproliferation Program (also known as

CBNP). In 2002, the Department of Homeland Security was
formed. The NNSA CBNP and many of the LLNL CBNP
activities are being transferred as the new Department
becomes operational.

LLNL has a long history in national security including
nonproliferation of weapons of mass destruction. In biology,
LLNL had a key role in starting and implementing the
Human Genome Project and, more recently, the Microbial
Genome Program. LLNL has over 1,000 scientists and engi-
neers with relevant expertise in biology, chemistry, deconta-
mination, instrumentation, microtechnologies, atmospheric
modeling, and field experimentation. Over 150 LLNL scien-
tists and engineers work full time on chemical and biological
national security projects.

Critical shortfalls exist in our ability to prevent, prepare
for, detect, and respond to chemical or biological terrorism.

LLNL CBNP is developed and executed by a multidisciplinary senior management team

Key assignments (partial list)
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Introduction

The LLNL CBNP emphasizes collaborative demonstration
programs with end-users as part of a spiral development strat-
egy. These programs provide near-term capabilities, opportu-
nities for dialogue among scientists, engineers and end-users,
focus for R&D investments, and paths for pilot-to-regional-
to-national systems.
Current and emerging collaborative demonstration pro-
grams include
e Biological Aerosol Sentry and Information System
(BASIS) is a “detect to treat” environmental monitoring
system originally designed for the Salt Lake City 2002
Winter Olympics. BASIS is a joint project of Lawrence
Livermore and Los Alamos National Laboratories with
significant participation by law enforcement and public
health organizations. BASIS successfully deployed to the
Olympics and has also been deployed to several other
sites. In its first year of continuous operation, it has per-
formed over 70,000 diagnostic tests of complex environ-
mental samples with no false alarms.
e Laboratory testing of sentinel populations for early
detection of bioterrorism (SENTINEL) complements
BASIS-type environmental monitoring by performing

surveillance of the population through direct high-
throughput testing of clinical samples of opportunity.
LLNL has demonstrated 1,000 samples (10,000 assays)
performed in an 8-hour shift with 2 technicians. SEN-
TINEL is an emerging program with the influenza-like-
illness programs and the Veterans Administration to
directly detect pathogens and toxins in samples.
Preliminary data by LLNL and its corporate collaborator
Source Precision Medicine, indicates that the strategy
might also be applied to presymptomatic detection of
host response biomarkers.

Local Integration of NARAC in Cities (LINC) provides
responders and local government with modeling and pre-
diction tools for decision support. Composite views of
plume prediction with important local features including
schools and fire and police stations are available to the
users. Both local and reach-back capabilities are provid-
ed. The first pilot city for LINC evaluation began in
September 2002 and is Seattle, Washington.
Bio-Forensics is a joint LLNL, Northern Arizona
University, and Los Alamos National Laboratory project
to make specific forensic tools and data available to the

Advanced Nucleic Acid Analyser

The LLNL Advanced Nucleic Acid Analyzer demonstrated 7
minute PCR detection in April 1999. LLNL technology licensed
to Cepheid helped create the Smartcycler product that is now used
in the LLNL field lab.

LLNL restoration R&D ranges from development of new
decontamination agents, to room-size demonstrations, to evalua-
tion of large-scale restoration for special facilities like transporta-
tion hubs.

Lawrence Livermore National Laboratory



broader community. The focus is on supporting law
enforcement and the CDC PulseNet Laboratories for
food borne illnesses. Round robin comparisons of differ-
ent methods and assays will precede the principle deliv-
erables of 1) a database for a variety of end-users and
focused on law enforcement and 2) strain-sensitive
markers and validated assays for Salmonella and E. coli
for CDC PulseNet.

e PROTECT is an Argonne, Sandia and Lawrence
Livermore National Laboratories program for protection
of key facilities focused mostly on chemical attacks.
LLNL is supporting PROTECT through NARAC and
biodetection. NARAC is doing modeling and predictions
for outside facility and scenario studies including opera-
tional support of deployed systems.

e OPCW Certified Laboratory is in support of the US State
Department’s selection of LLNL as the second US desig-
nated laboratory for the Office for the Prohibition of
Chemical Weapons (OPCW). We have implemented all
the technical, safety and procedural systems required and
been ISO-17025 approved. Final OPCW designation is
pending. The first, and currently only, US OPCW

Introduction

Certified Laboratory is at ECBC in Edgewood,
Maryland. The ECBC group has provided significant
assistance to LLNL in this process.

Restoration of Operations will demonstrate strategies for
decontamination and restoration of operations for major
transportation facilities. The activity builds on LLNL
restoration planning for CW attacks on transportation
facilities, decontaminant reagents including L-gel, sam-
pling strategies to support decontamination, high
throughput sample processing, accelerated viability test-
ing, and published studies to establish “How clean is
clean enough?” Lawrence Livermore and Sandia
National Laboratories jointly execute the project with a
focus on airports and establishing “templates” for
restoration strategies.

Model Cities is a tri-Lab project to better understand geo-
graphic and other local or regional factors that influence
prevention, preparation and response. The goal is to create
common “templates” that can be applied in many loca-
tions and in combination to create more comprehensive
regional plans. The initial test beds for this concept have
been the other demonstration projects (e.g., BASIS and

BASIS Biodetection System

The BASIS biodetection system is based on a aerosol collector
network with a central deployable field laboratory. The field lab
can also support decontamination/restoration activities and clinical
sentinels for early detection. In December 2002, over 10,000
assays were performed in an 8 hour shift by two technicians. A
next generation instrument (APDS) is in development by LLNL
and includes the collector and laboratory in one unit with unat-
tended operation for several days. Miniaturization of various com-
ponents improve performance and reduce costs.

Collector Laboratory

r d

APDS Future
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Introduction

LINC) and a tri-lab demonstration in Albuquerque, New
Mexico in December 2002. Integration and evaluation of
multiple detection schemes for wide area, special facility,
and epidemiological surveillance were accomplished.

The demonstration programs help focus our science and
technology (S&T) investments. The S&T is managed in four
areas 1) Decontamination and restoration; 2) Modeling and
prediction; 3) Instrumentation; and 4) Applied science. Some
of the current S&T activities include

e Decontamination and restoration goal is to provide the
S&T and systems approach to quickly restore civilian
facilities to operation. Decontamination in a civilian
setting requires fundamentally different technology from
most military applications. Rapid and effective means of
decontamination are needed for equipment, facilities and
large urban areas. LLNL developed the L-gel decontami-
nation technology. Several new decontamination
chemistries are in development and testing including
vaporous hydrogen peroxide. In addition, appropriate
protocols for efficient restoration are being investigated.

e Modeling and Prediction goal is to develop predictive
urban environment modeling tools for local and other
users for response, planning and vulnerability assess-
ments. Advances in computing algorithms and hardware

now make it possible to model air flows over very com-
plex terrain. LLNL is developing tools for modeling such
flows in urban environments including around buildings
and in subways to determine in advance how to best
respond and to permit real-time prediction of agent dis-
persal during an actual event.

Instrumentation for Chemical and Biological Detection
goal is to provide highly sensitive and accurate instru-
ments for early warning, treatment triage, and detection
of contaminated areas. LLNL is developing and integrat-
ing instruments with substantial increases in detection
performance. The focus of chemical instrumentation is
miniaturization of laboratory-quality instruments for
field detection of CW agents and related material. LLNL
has licensed several chemical instruments to industry
including miniature GC-MS, thin layer chromotagraphy,
and an integrated optic capillary electrophoresis system.
LLNL technology for rapid DNA detection was licensed
to industry and enabled a successful product that has
been applied to counter terrorism. LLNL has prototyped
a new instrument that is capable of 100 simultaneous
assays; detection of viruses, toxins, spores, and vegeta-
tive bacteria; and capable of autonomous operation for
several days at a time. Prototypes of this instrument have

Atmospheric Modeling

Atmospheric modeling and
experiments are being used to
assess sensor placements and to
provide feedback to first
responders in urban environ-
ments. Photograph of August 7,
1998 tire fire in Tracy, CA with .
LLNL/NARAC-simulated par- a

.

ticle positions in red (top) and W T A
city-wide simulations of a Tracy

plume in Washington, DC amd

Seattle, WA.

£

Washington, DC Seattle
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been tested with aerosolized live agents and were
deployed in a limited capacity in 2002. LLNL has
licensed this technology and will assist our corporate
partner to enable and accelerate access to this technology
as a commercial product. Several next generation instru-
ments are part of our R&D portfolio and address signifi-
cant current shortcomings including cost per assay, oper-
ational complexity, and real time response.

Applied science goal is to provide biological and chemi-
cal support for detection and other countermeasures.
LLNL invented and transferred to industry specialized
solid-phase absorbants that greatly simplify field collec-
tions of CW-associated materials. The availability of
DNA and RNA sequence information has enabled rapid
development of biological signatures that are highly spe-
cific and sensitive. Techniques are also being developed
for ligand signature discovery as well as sub-species
level bio-forensics. LLNL has invented several high
throughput approaches for vetting signatures (both nucle-
ic acid and ligand) including computational screening of
potential signatures, automated strain panel testing, com-
plex environmental sample testing and, more recently,
pathogen-associated function and host-associated
response using genomic and proteomic tools.

Introduction

In the following pages, the reader will find a series of
Science & Technology Review reprints representative of
CBNP activities. Many of the point of contacts have
changed—feel free to contact members of our team or me for
additional information. The LLNL CBNP is organized into
four areas managed by Associate Program Leaders. Because
of the wide range of expertise and facilities needed to fulfill
our mission in Chemical and Biological National Security,
the CBNP also relies on a multi-disciplinary team with a
number of key assignments.

Abraham Lincoln faced significant challenges to our home-
land. His words remain powerful and, unfortunately, relevant
today. Our program is fortunate to have a team willing to
commit their careers and more to help our country meet
today’s challenges and preserve what we all hold so dear.

J. Patrick Fitch, Ph. D.
Program Leader
fitch2@lInl.gov.

Lawrence Livermore National Laboratory



A Two-Pronged
Atackon 8 ole rrorism

Livermore scientists
are designing tiny -
synthetic molecules
to detect biological

warfare agents and

Jight cancer.

N EWLY¥ des1gned molecules that

bind-to and capture biowarfare

~agents are on the drawing board at

Livermore. The goal is for these mole-
cules to quickly and efficiently detect
such deadly pathogens as botulinum
toxin, anthrax spores, or smallpox.
Using synthetic chemistry, scientists
produce these new molecules that bind
. to unique. sites on the surface of the
toxm or orgamsm Their two-pronged,
or bldentate, structure is critical. When
a small molecule binds to a protein, the

~_attachment is usually weak, and the

interaction between the two is short-

lived. If, however, two or more small
molecules that bind to the protein are
linked together, their binding to the

S&TR June 2002

same protein may be thousands, even
millions, of times stronger. By target-
ing specific proteins, the synthetic mol-
ecules will mimic some of the behavior
in our immune system where antibod-
ies recognize molecular foreign entities
in our bodies and abnormalities such as
cancer cells.

A single detector armed with many
of these synthetic targeting molecules
could simultaneously recognize an
equal number of harmful biological
agents that might be used in a terrorist
attack. Assays using antibodies, known
as immunoassays, are widely used to
identify pathogens in the laboratory
and form the basis for many biowarfare
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detection systems fielded to date.
However, only seven good antibodies
are currently available for pathogen
detection. Other detectors depend on
recognizing the bioagent’s DNA. “But
some pathogens, such as viruses, require
human exposure to only a small number
of organisms to be acutely toxic,” says
Livermore biochemist Rod Balhorn.
“With so little DNA present in each
virus and given the rapid variation that
occurs in the base sequences that make
up the DNA, those pathogens are typi-
cally very difficult to detect.”

Similarly designed targeting mole-
cules could zero in on defective or over-
active proteins in our bodies and poison
them, just-as our natural antibodies do.
These antibodylike molecules can lock
on to cancer cells or other pathogens
and kill them—and only them. By tar-
geting unique sites on other proteins
that cause disease—for example, the
proteases that cause inflammation in
arthritis or enable HIV to function—the
synthetic molecules would block the
activity of the protein without entering
its active site. The active site is a cavity
on the surface of a protein that is used
by the protein to perform its function.
Similar active sites can be present in
many proteins, both those that are
essential to cell function and others that
cause disease.

The pharmaceutical industry has
already begun using this approach to
develop drugs that function as intended
without blocking the activity of healthy
cells or proteins. Molecules that target
unique sites on the surfaces of specific
proteins may soon lead to a new genera-
tion of drugs that have minimal side
effects.

Balhorn is leading the program at
Livermore to design synthetic molecules
for bioagent detection and cancer treat-
ment. He and a team of Livermore
inyestigators are collaborating with sci-

entists at Brookhaven and Sandia
national laboratories and the University
of California at Davis Cancer Center.
Together, they are developing the
methods needed to produce the first of
these synthetic antibodylike molecules.
“Terminology is a little tricky,” he
notes. “Itis tempting to call our new
molecules ‘synthetic antibodies.” But
we are designing small molecules that
function like antibodies, not large pro-
teins that are synthetic versions of anti-
bodies. So we use the term ‘high-affini
ty ligands’ to describe our molecules.”
“Ligand” is a general term used to
describe a small molecule that binds to
proteins or other large molecules.
The higher the affinity a ligand has for
a specific protein, the more tightly it
binds to it. Research by others has
demonstrated that bidentate ligands
have a vastly increased affinity for the
target protein, anywhere from thou-
sands to millions of times greater.
Polyvalent ligands—molecules that
bind to multiple sites on the surface of
a protein—are observed in many bio-
logical interactions that require very

Lawrence Livermore National Laboratory
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tight binding. The seek-and-destroy
antibodies of our immune system,
which normally operate quite success-
fully, are one example.

“What we’re doing is searching for
two molecules that bind to two sites
next to each other on the surface of a
protein,” says Balhorn. “Then our syn-
thetic chemist joins them together using
a third molecule, called a linker. The
linker must be both flexible and robust,
or the new molecule will fall apart. This
new synthetic ligand will then behave
pretty much like an antibody, binding
tightly to the protein.”

The new bidentate molecules, called
high-affinity ligands (HALs), will have
several advantages over naturally occur-
ring antibodies. They can be
totally inorganic (nonprotein) and can
be synthesized in large quantities
using methods to ensure that each batch
is structurally and functionally
identical. They will also be stable
over a long period, making them excel-
lent candidates for long-term deploy-
ment in detectors for agents of biologi-
cal warfare.

This schematic diagram
shows how a linker mole-
cule will connect mole-
cules that bind to two sites
on a protein. The goal is
to develop a process for
designing and producing
high-affinity ligands for
any structured surface.
When two molecules are
connected with a linker,
they bind with up to a mil-
lion times higher affinity
than does each molecule
alone.
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The Toxic Targets

As bioagent detectors, HALs can be
designed to target protein toxins pro-
duced by pathogens as well as any
major protein component of pathogenic
organisms. For the National Nuclear
Security Administration’s Chemical
and Biological National Security
Program, work is under way to develop
HALS that bind to the Clostridium neu-
rotoxins, which include botulinum and
tetanus, the most toxic substances
known. The Clostridium toxins attack
the central nervous system and cause
spastic paralysis in the case of tetanus
and flaccid paralysis in the case of bot-
ulinum.

Balhorn’s team is laying the ground-
work for future development of HALSs
to target the Staphylococcus enterotox-
ins, which cause acute intestinal symp-
toms such as those associated with food
poisoning, and ricin, a residue of castor
bean processing that causes major intes-

Catalytic domain

Targeting domain

Clostridium neu-
rotoxins have
three parts: the tar-
geting domain and the
translocation domain, which together
make up the heavy chain, and the cat-

alytic domain, which makes up the light chain

and is the toxic part of the molecule.

tinal or respiratory complications. The
body’s response to toxic quantities of
either of these substances is swift and
often fatal.

Work is also scheduled to begin in
the near future on HALs that bind to
proteins in the spores of Bacillus
anthracis (anthrax) and in Yersinia
pestis (plague). Once these HALs are
completed, efforts will focus on the
next highest priority agents: smallpox,
Francisella tularensis (a plaguelike ill-
ness), and Brucella melitensis (an
organism whose infections, often called
Mediterranean fever, cause sponta-
neous abortions). Creating synthetic
ligands even for proteins with a known
structure is still a research project.
Work began in 2000, and Balhorn esti-
mates that high-affinity ligands
for these eight bacterial toxins and
threat organisms can be delivered in
about 2005.

Got Structure?

Translocation domain

Lawrence Livermore National Laboratory
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If the structure of the target protein
is known, the team uses that structure to
develop a HAL. Work on these mole-
cules is a logical progression from
Livermore’s protein structure and com-
putational biology effort, with which
Balhorn has been involved since its
inception. (See S&TR, April 1999, pp.
4-9.) Using x-ray crystallography and
nuclear magnetic resonance (NMR)
spectroscopy, high-resolution structures
for many proteins have been determined
at laboratories around the world, includ-
ing Livermore. These include several
types of Clostridium toxins (botulinum
and tetanus) and the Staphylococcus
enterotoxins.

All toxins in the Clostridium family
have three parts. The targeting (or bind-
ing) domain, which binds to receptor
molecules on the nerve cell membrane,
and the translocation domain, which
makes a pore in the cell through which
the toxin passes, together make up what
is known as the heavy chain. The light
chain, which contains the catalytic
domain, is a protease that is injected
into the nerve cell and disrupts its func-
tioning.

For the Clostridium neurotoxins, the
team is developing a HAL to bind to the
targeting domain, that fragment of the
protein that recognizes and binds to
motor neurons. Of these neurotoxins,
botulinum is considered a greater threat
than tetanus, but tetanus is easier to
work with. Fortunately, its targeting
domain is sufficiently similar in struc-
ture to botulinum’s that it serves as a
model for botulinum.

In 1998, Livermore’s x-ray crystallog-
raphy group completed a high-resolution
structure of the binding domain of the
tetanus toxin. Researchers then computa-
tionally calculated the molecular surface
of the protein to identify sites where bind-
ing is likely to occur. “We look for pock-
ets on the surface of the folded protein,
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places where another molecule would be
able to fit tightly,” says computational
chemist Felice Lightstone. For the tetanus
toxin, Lightstone found two appropriate
sites adjacent to one another on the binding
domain.

For a HAL to be effective, the sites
designated for binding must be on a part
of the toxin that is “conserved,” mean-
ing that these regions remain essentially
identical across all strains of a toxin.
When bioagents are being genetically
engineered, areas such as these are diffi-
cult to modify without altering the toxic-
ity of the agent. Ideally, a high-affinity
ligand for tetanus toxin will be able to
recognize engineered and other
unknown or related Clostridium toxins.

The next step involved selecting
compounds that might fit into the two
sites. All of the 300,000 compounds in
the Available Chemicals Database, a
listing of all commercially available
compounds, were computationally
inserted (docked) into each site. The
potential fit and interactions were then
assessed. The top 1,000 compounds
were run again using a range of struc-
tures for each compound representing

the different bond orientations and
shapes, known as conformations, that
each molecule is likely to adopt. In this
manner, the top 100 compounds were
identified. The calculations for each
site took about 3 weeks on a Linux
cluster of 40 dual-processor personal
computers.

Sandia National Laboratories in
Livermore has recently written new
programs to expedite this time-consum-
ing process. Each compound is tested
in 10 different conformations to see
which fits best into the rigid protein.
This provides a more realistic test of
binding, because many of these small
molecules are not rigid and can adopt
different conformations.
“Computational docking projects typi-
cally have success rates of anywhere
from 10 to 40 percent,” says
Lightstone. “Even before we started
using our new version of this program,
our success rate of identifying mole-
cules that actually bind to the protein
was in the 40- to 65-percent range.
Now, the likelihood of getting a fit may
be even greater.”

Synthetic Molecules

Into the Laboratory

Once possible ligands have been
identified computationally, they must
be tested in the laboratory to see
whether binding actually occurs.
Mass spectrometry (MS) and NMR
spectroscopy are both effective for test-
ing ligand—protein binding.

NMR examines binding in the solution
state, while MS looks at binding in
the gas phase. MS typically requires
much smaller samples, but it

cannot handle certain compounds or
chemical buffers. NMR can examine
mixtures of compounds more

easily and determine which combina-
tions bind best in solution. Both tech-
niques can identify where

on the target protein binding is occur-
ring.

The initial computational screening
process to find new compounds that
bind to tetanus neurotoxins resulted in
100 possible ligands that were predict-
ed to bind to one of two sites (site 1
and site 2) on the tetanus neurotoxin’s
targeting domain. Experiments
using electrospray ionization—mass
spectrometry (ESI-MS) suggested that

(a) The x-ray crystal structure for the tetanus toxin showing how the amino acid chain is folded and (b) its calculated molecular
surface showing sites 1 and 2, predicted binding sites for ligands.

Lawrence Livermore National Laboratory
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The predicted structure of the tetanus-lavendustin A complex. Lavendustin A is shown in purple
binding to site 2.

7 of the first 13 tested compounds bound
to the toxin. With ESI-MS, ligand bind-
ing is confirmed when a new mass peak
appears at the expected mass-to-charge
ratio for the ligand—tetanus complex.

The antitumor drug doxorubicin was
discovered to be the best fit at site 1.
The binding of this ligand to site 1 was
later confirmed by x-ray crystallography
of doxorubicin-tetanus toxin and dox-
orubicin-botulinum toxin complexes.
For site 2, the same MS method was
used to screen 1 of 100 compounds, six
of which were observed to bind. The fig-
ure above shows one of these ligands,
lavendustin A, docked into site 2 in the
predicted structure of the tetanus—
lavendustin A complex.

The six ligands predicted to bind to
site 2 were then screened for binding to
the targeting domain using NMR. The
six molecules were tested individually,
as mixtures of different combinations of
the compounds, and in the presence or
absence of the known site 1 binder, dox-
orubicin.

When examined by NMR, small mol-

ecules exhibit weak, negative signals
referred to as NOEs (nuclear
Overhauser effects). Large molecules
such as proteins exhibit strong, positive
NOEs. When small molecules bind to
proteins, the characteristics of the NOE
for the large molecule are transferred to
the small molecule. Thus, strong NOEs
are detected for ligands that bind to

the protein.

The NMR screening of mixtures
containing the six predicted site 2 lig-
ands confirmed that four bind to
tetanus toxin in solution. Using a novel
transfer NOE (trNOE) competition
assay, researchers have determined that
three of these ligands bind in the same
site, presumably at site 2. The fourth
ligand was determined to bind in a
third site distinct from site 1 and site 2.

NMR experiments were also per-
formed to evaluate how possible struc-
tural changes induced by the binding of
one ligand in site 1 could influence the
binding of the second ligand in another
site. In these experiments, doxorubicin,
which was added first, remained

Lawrence Livermore National Laboratory

S&TR June 2002

bound to site 1 throughout the addi-
tions of all six of the predicted site 2
ligands. The mixture containing dox-
orubicin and lavendustin A produced
the strongest positive trNOE signal in
the presence of the tetanus toxin. This
experiment confirmed that both laven-
dustin A and doxorubicin bind simul-
taneously to the toxin, indicating that
each must bind to a different site.

“Unfortunately, this assay cannot
define the location of the binding
site,” says physical chemist Monique
Cosman, leader of the NMR group at
Livermore. “But since doxorubicin is
known to bind to site 1, we know that
lavendustin A must bind to a different
site, which may be site 2.

By performing these trNOE bind-
ing experiments with pairs of mole-
cules that were determined to compete
for binding to the same site, Cosman
developed a new NMR method for
identifying the relative strength of
binding of each ligand to a particular
site on the protein. MP-biocytin,
another molecule that binds to site 2,
did so with a relatively lower affinity
than lavendustin A. The affinity of the
third ligand is similar to that of laven-
dustin A, but it was not studied further
because it is too perishable.

Mass spectrometry was then used
to verify where the molecules are
binding. Chemist Sharon Shields
developed a new method that com-
bines MS with proteolysis, a process
in which a protein is digested by
enzymes. “This is unique,” she notes.
“Now we can study solution-phase
biological processes using a gas-phase
mass spectrometric method.”

She first treated the targeting
domain of tetanus toxin with proteases
that make clips in the amino acid
chain either alone or on the tetanus—
doxorubicin complex using various
ratios of doxorubicin to the neurotoxin.
Then she used matrix-assisted laser
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desorption ionization and ESI-MS to
determine the pattern of enzymatic
degradation that had occurred. In the
tetanus—doxorubicin combinations, dox-
orubicin prevented the enzyme from
digesting the protein at the binding site
by limiting access to the amino acids
located in that region.

The figure below shows a map of
peptides (amino acid chains) produced
by digesting the tetanus—doxorubicin
complex compared to the tetanus toxin
alone. In this experiment, Shields used
the enzyme trypsin. The decreased
abundance of peptides indicates the
location where binding is occurring.
That location contains amino acids
299-304, 351-376, and 394-434.
Molecular docking calculations had pre-
dicted that doxorubicin would reside
near amino acids 356, 358, 359, 407,
409, 419, 427, and 437. These predic-
tions are a close match to MS results.
Comparable locational experiments
using other enzymes had similar results.

Shields also found that the presence

of doxorubicin induces subtle changes
in the tetanus toxin’s three-dimensional
structure, suggesting that the protein
may envelope, or wrap around, doxoru-
bicin when it binds. Further experi-
ments are needed to confirm these
results.

Creating a New Molecule

Synthetic chemist Julie Perkins has
the job of linking the two molecules that
bind to sites 1 and 2 to create a new
HAL. This is the critical step. She is
experimenting with linkers that will con-
nect doxorubicin and MP-biocytin as
well as doxorubicin and lavendustin A.
“We know that each of these compounds
binds individually to sites 1 and 2, but
because they bind weakly, they can also
float away,” Perkins says. “When the
compounds are linked together, they are
much more likely to stay bound.

She is starting with the amino acid
lysine as a linker. Lysine is an ideal
building block because it has three dis-
tinct functional groups upon which she

Synthetic Molecules

can perform synthetic chemistry exper-
iments. Many derivatives of lysine are
commercially available as well. The
molecules that have been identified to
bind into site 1 and site 2 can either be
attached directly to lysine, resulting in
their close proximity, or with a linker,
which increases the distance between
them. Increasing the distance between
the two compounds with a flexible
chain may also help increase the affini-
ty of the ligand for the protein.

“To achieve maximum affinity of
the ligand for the protein, we have to
find the optimal length and rigidity of
the linker,” says Perkins, “and that can
only be done experimentally.” She is
experimenting with a flexible glycol
chain that can be attached to the lysine
to increase the distance separating the
two ligands.

Once she has synthesized each new
compound containing the two linked
ligands, conventional binding studies
will identify the highest affinity and
most selective ligand combinations.

(a) This map of peptides (amino acid chains) compares the doxorubicin-tetanus toxin complex to the tetanus toxin alone. Amino acids in yellow
represent the peptides that showed a decreased abundance, which indicates that binding is occurring. (b) Computational docking studies predict-
ed that binding would occur at the location shown. The two match quite well.

Lawrence Livermore National Laboratory
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Synthetic chemist Julie Perkins works to link two molecules, each of which binds to two protein
binding sites. The new molecule will bind more strongly and securely to a specific toxin protein

than the individual molecules can.

These studies will determine how tight-
ly the HALs bind and confirm

that they selectively bind only to
Clostridium neurotoxins.

Targeting Cancer

For cancer therapy, the challenge is
to synthesize molecules that bind with
high affinity to each cancer cell without
themselves generating an immune reac-

Sites 1 and 2 on the HLA-DR10 mol-
ecule (a protein receptor for non-
Hodgkin’s lymphoma) have been
identified.

tion from the body. Targeting mole-
cules therefore must be smaller and
more specific and have higher affinities
than natural antibodies. They should
also not be made of proteins, which
elicit an immune response from the
body.

The goal is to use these small,
exceptionally high-affinity molecules to

Lawrence Livermore National Laboratory
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deliver a lethal radiation dose directly
to a tumor. In this case, the HALs
would be tagged with radioactive iso-
topes and introduced into the body.
Research all over the world is focused
on this new technique, known as iso-
topically enhanced molecular target-
ing.

To create new HALS for cancer
treatment, Livermore is using the same
process developed for producing
HALSs that bind to toxins and
pathogens. The first project will be a
HAL for a receptor protein found on
the surface of non-Hodgkin’s lym-
phoma, HLA-DRI10. The crystal struc-
tures of four HLA-DR molecules are
known, and unique binding sites on
the HLA-DR10 protein have been
identified using computer models of
the protein generated by computational
biochemists Adam Zemla and Daniel
Barsky. Computational docking exper-
iments are under way.

The HAL developed for binding
HLA-DRI10 and targeting human lym-
phomas will be designed to rapidly
pass through the liver and kidney and
thus minimize the systemic damage
that can occur when antibodies carry
radionuclides. “We are striving to con-
vert the meaning of the word ‘cancer’
from ‘fear, pain, suffering, and death’
to ‘just another treatable disease,””
says Balhorn.

Targets of Unknown Structure
When a target protein’s structure is
not known, the team will use a differ-
ent route to design and synthesize
HALSs. Computers cannot be used to
predict the binding of molecules to
sites on these proteins. But NMR and
MS processes that are being developed
and fine-tuned now for identifying lig-
ands that bind to known protein struc-
tures will identify ligands that bind to
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unknown structures.

Libraries of molecules will be
experimentally screened for their abili-
ty to bind to the protein using a combi-
nation of Cosman’s NMR technique
and mass spectrometry methods being
developed by chemist Lori Zeller. The
molecules that bind will be segregated
into sets that bind to different sites.
Perkins will then synthesize all possi-
ble combinations of pairs of these
small molecules using a series of dif-
ferent-size linkers. With Livermore’s
new Fourier transform ion cyclotron
resonance mass spectrometer, mixtures
of the HALs and protein can be quick-
ly screened to identify the particular
combination of ligands and linkers that
produce HALSs that bind to the protein.
This approach should work well for
creating detection reagents for
pathogens. In collaboration with
groups at Porton Down Defense
Science and Technology Laboratory in
England, Livermore researchers will
design the first HAL for a protein with

- an unknown structure to bind to a pro-
tein on the coat of the anthrax spore.

'Measurmg Success itk

_ The leermore team:.wﬂl soon p;no !
=_ 4 ﬂuca its first HAL for the Clostridium
i neurotoxm& To know whethef ttn"q s

In the war against bioterrorism, the
best defense begins with having the
best possible data. Work has begun
on docking studies to identify binding
sites on the light chain of botulinum
toxin. In this case, the goal is to syn-
thesize HALS that can distinguish

‘between the different types of
. Clostridium neurotoxins. That kind of
 fine-tuning is essential for accurate

hloﬁtgs:'n @teqlon a_nd 1dent1flcat10m_y

Ly L}
Lawrence Livermore Nationall.aboratory

Synthetic Molecules

Livermore will design a high-affinity
ligand to bind to protein in the spore
coat of Bacillus anthracis (anthrax).

tein structure, synthetic chemistry, tetanus.

For further information contact
Rod Balhorn (925) 422-6284
(balhorn2@linl.gov).
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Science

Center

the Tiniest Clue

Livermore chemists are coaxing
a wealth of information from
increasingly small samples.

W HILE Lawrence Livermore’s
national security accomplishments
have received much publicity over the

years, one Laboratory organization has
gained such a stellar reputation among

law enforcement, intelligence, and emer-

gency response agencies that it
is cited by Tom Clancy in his novel
Shadow Watch (Berkley Books, 1999):

“I've requested assistance from the
Forensic Science Center in San Francisco.
It’s at the Lawrence Livermore National
Laboratory. I don’t know if you're familiar
with them.”

“They did evidence analysis on the
Unabomber case, the Times Square and
WTC bombings in New York, probably hun-
dreds of other investigations,” Nimec said.
“Uplink’s had a relationship with them for
years, and I've worked with them personally.
The LLNL’s the best group of crime detec-
tion and national security experts in the
business.”

Founded in 1991, the Laboratory’s
Forensic Science Center (FSC) offers a

comprehensive range of analytical
expertise to counter terrorism, aid
domestic law enforcement, and verify
compliance with international treaties and
agreements. The center’s combination
of human and technological resources
has made it among the best of its kind for
collecting and analyzing virtually any
kind of evidence, some of it no larger
than a few billionths of a gram. Its
resources, expertise, tools, and tech-
niques are applied to all kinds of cases,
from the September 11 World Trade
Center attack to the spread of anthrax
spores, from multiple homicides to
nuclear materials smuggling.

FSC has a staff of 15 personnel, most-
ly chemists, with expertise in analytical
chemistry, organic chemistry, inorganic
chemistry, nuclear chemistry, toxicology,
pharmacology, special coatings, and
forensic instrument design and fabrica-
tion. The center also draws upon the
resources of experts in Livermore’s
Chemistry and Materials Science and
Nonproliferation, Arms Control, and
International Security directorates.

Lawrence Livermore National Laboratory

The center’s approach to forensic
analysis maximizes the information
that can be obtained from sometimes
extremely small samples of explosives
residue, dust particles, hair strands,
blood stains, radioactive isotopes, drugs,
chemicals, and clothing fibers. As
Brian Andresen, until recently FSC
director, says, “We’re probing the lower
limits of detection for many types of
compounds isolated during an investiga-
tion.” Even the tiniest quantities, says
Andresen, are usually enough to pro-
vide compelling evidence that holds up
in court. The minuscule amounts of oils
remaining on fingerprints, for example,
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can tell the general age of suspects,
their diet, and whether they smoke. In
that respect, says Andresen,
“Everything someone does leaves a
chemical or biological signature that
we can investigate.”

Many forensic research projects have
required FSC personnel to develop new
analytical tools, forensic techniques for
analyzing trace amounts of evidence,
and unique sampling procedures.
Several new, portable instruments have
been developed that are capable of
detailed analysis in the field. These
tools provide important advantages when
dealing with substances that may be
unstable, perishable, or too toxic to

bring back to the Laboratory.
Supporting International Security

Andresen notes that the term “forensic
science” used to apply only to the sci-
entific analysis of evidence for civil or
criminal law. Increasingly, however,
forensic analyses done at FSC are
broadening that definition to include
support for monitoring or verifying
compliance with international treaties
and agreements, particularly those
involving weapons of mass destruction,
and for countering threats of terrorism.
For example, the center is contributing
to the National Nuclear Security
Administration’s (NNSA’s) Chemical
and Biological National Security

Heather King and David Chambers demonstrate Livermore’s solid-phase microextraction
(SPME) sampling technique for identifying and quantifying the chemical composition of physical

evidence.

Lawrence Livermore National Laboratory
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Program to develop and field advanced
technologies to better prepare for,
detect, and respond to chemical or bio-
logical incidents in the U.S.

In light of its demonstrated capabili-
ties to analyze minute specimens, FSC
was selected by the U.S. State
Department in 2000 to support the
Organization for the Prohibition of
Chemical Weapons (OPCW) as the sec-
ond U.S. certification laboratory. (The
other facility is the Edgewood
Chemical and Biological Analytical
Center in Maryland.)

OPCW, based in the Netherlands, is
responsible for implementing the
Chemical Weapons Convention, which
bans the production, stockpiling, or use
of such weapons as nerve agents and
blister agents. OPCW-designated labo-
ratories test samples collected by
OPCW inspectors from sources around
the world to determine whether the
samples contain chemical weapon
agents, their precursor chemicals, or
decomposition products. The convention
stipulates that all samples must be ana-
lyzed at the two OPCW-designated lab-
oratories. Federal legislation requires
that all samples taken from a U.S. facili-
ty be tested in a U.S. laboratory that is
OPCW-certified.

FSC has established a separate
chemical weapons analysis laboratory
that is certified by the American
Association for Laboratory Accreditation.
To date, no actual samples have been
officially collected from any site or
analyzed at any laboratory. FSC, how-
ever, has been required to analyze and
identify constituents of mock samples
supplied by the OPCW as part of a
series of proficiency tests.

According to FSC’s Armando
Alcaraz, “Passing the tests is a very
challenging task because the samples
might contain literally thousands of
chemicals that are linked to chemical
weapons manufacturing.” He notes that
the samples are sometimes spiked with
certain materials to deliberately try to
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throw the analysis teams off
track. Like the test samples,
the real samples will be
extremely dilute (that is,
parts-per-million level) so that
they can be shipped commercially
or sent through the mail.

Helping Law Enforcement
FSC also assists law enforcement
agencies with special needs that cannot
be handled by standard crime laborato-
ries. “We’re not in the business of rou-
tine police lab work,” Andresen cau-
tions. However, for cases that are par-
ticularly difficult, FSC may be a valu-

able resource capable of providing a con-

clusive analysis. In this respect,

law enforcement agencies benefit from
Livermore technologies that were devel-
oped initially to support counterterror-
ism efforts, detect nuclear proliferation
activities, and advance stockpile stew-
ardship.

Under the 1998 “Partnership for a
Safer America” memorandum of under-
standing between the Department of
Energy and the departments of Justice,
Commerce, and Treasury, the center
provides law enforcement agencies
such as the Federal Bureau of
Investigation (FBI), the U.S. Customs
Service, and the Bureau of Alcohol,
Tobacco, and Firearms with new crime-
fighting technologies. This agreement
provides a framework for formal work-
ing relationships to facilitate the trans-
fer of DOE technology and technical
expertise to law enforcement.

FSC deputy director Pat Grant notes
that supporting law enforcement
increases the center’s expertise and
shortens the turnaround times for sam-
ple analysis. “Anytime we analyze
questioned samples important to a real-
world investigation, we are honing
our skills. It’s a much more interesting
and stimulating experience than partic-
ipating in an exercise.”

Shrinking Instruments

Some of the center’s most enduring
accomplishments are new tools it has
developed for intelligence, law enforce-
ment, and health professionals working
in the field. These compact, battery-
powered tools provide mobile chem-
istry laboratories. Because they elimi-
nate the need to ship samples back to a
standard laboratory for analysis, the
portable technologies greatly speed
decision making.

For example, FSC scientists have
miniaturized and modernized thin-
layer chromatography (TLC), a well-
established laboratory procedure that
identifies compounds belonging to the

Lawrence Livermore National Laboratory
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Scientists from the Forensic Science Center
have miniaturized thin-layer chromatography
to make it suitable for field use. The portable
system includes appropriate reagents, glass
plates, a digital camera, and a notebook com-
puter.

same general chemical class. FSC
chemists made TLC technology suit-
able for field use with a portable sys-
tem that fits inside a suitcase and
weighs about 23 kilograms. Although
the portable system uses minimal
equipment and chemical reagents, it is
highly specific and sensitive. The kits
can be used to analyze two sets of
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samples simultaneously, with each set
containing about 10 samples.
Depending on the compounds being
analyzed for, the entire process takes
10 to 20 minutes to complete.

TLC works by separating compounds
over the distance they move up a glass
plate. Tiny amounts of samples are placed
just above the bottom edge of a TLC
plate, the plate is placed in a small sol-
vent reservoir, and the solvent moves
up the plate by capillary action. A com-
mercial digital camera captures the
resulting patterns of dark spots that
develop, which are analyzed on a note-
book computer using a software pro-
gram originally developed for the analy-
sis of DNA. Based on the distance the
samples have traveled, together with
their color and intensity, the computer
program identifies the compounds and
their relative concentrations.

The center’s portable TLC Kkits are
tailored to detect chemicals indicative
of chemical weapons, high explosives,
propellant stabilizers, or illegal drugs.
Each specialized kit includes solvents
and developing reagents that are specific
to the compounds of interest.

The TLC system was originally
developed for the U.S. Army to quickly
detect propellant instabilities within the
nation’s munition storage depots.
Propellants (especially high explosives)
require stabilizers to prevent them from
spontaneously igniting. Because stabiliz-
ers are depleted by long exposure to
environmental conditions, the Army
needed a way to quickly determine the
safety of large numbers of munitions.
The center’s TLC system requires only
50-milligram samples of explosive,
instead of the gram quantities typically
required by other methods, and 15 minutes
for each group of 20 samples, allowing
many more samples to be analyzed and
at much lower cost than is possible using
traditional methods. “Army personnel
without a degree or extensive training
in chemistry can do this work,” says
FSC chemist Jeff Haas.

Over a few days in 1998, the
portable system successfully character-
ized the contents of more than 1,200
unearthed mortar rounds discovered in
a shallow excavation site at an Army
base in Massachusetts. (See S&TR,
December 1998, pp. 21-23.) The sys-

[re— -

The portable thin-layer chromatography (TLC) system separates compounds as they move up a

glass plate placed in a small solvent reservoir. Based on the distance the compounds travel,

together with their color and intensity, a computer identifies the compounds and their relative
concentrations. Above is a typical TLC analysis done to detect propellant instabilities by meas-

uring the amount of stabilizer compounds.

Lawrence Livermore National Laboratory
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tem is now deployed at several other
Army facilities as well as by National
Guard units.

The system is also used in instances
where analysis speed is essential. In
light of repeated success by a variety
of users, the center is transferring the
portable TLC technology to private
industry for commercialization and
widespread availability to federal
and state law enforcement, customs,
and environmental agencies.

Advanced Tools for Field Use

While TLC is effective for identify-
ing classes of chemicals that are
specifically targeted, the task of com-
pletely characterizing samples in the
field requires a more sophisticated
instrument such as the gas chromato-
graph-mass spectrometer (GC-MS).
An essential tool in every major analyt-
ical laboratory, a GC-MS can detect
ultratrace quantities of organic com-
pounds weighing a billionth of a gram
or less. The gas chromatograph first
slowly heats a sample to about 250°C.
As the sample’s volatile constituents
travel down a long capillary column,
they separate according to their vapor
pressures and chemical affinities. As
they flow into the mass spectrometer,
the compounds are bombarded with an
electron beam that fragments molecules
into ions that constitute a unique fin-
gerprint of that compound for positive
identification.

FSC staff scientists have shrunk
the standard 114-kilogram laboratory
GC-MS to about 28 kilograms; it
now fits inside a wheeled suitcase.
The self-contained portable device,
comparable in sensitivity and selectivity
to a standard unit, contains a power
generator, vacuum pumps, and laptop
computer. The result is an instrument
that significantly improves on-scene
investigation and evidence collection.

Because of its ability to analyze
samples to parts-per-billion sensitivity
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within 15 minutes, this portable GC-MS
can be used to support nonproliferation
activities, incident response, and law
enforcement investigations. For exam-
ple, the instrument can precisely identify
compounds indicative of the manufac-
ture of chemical warfare agents and
illicit drugs. The instrument is currently
being manufactured under license to
industry.

Identification with Lasers

Although many tools used by FSC
personnel depend on analyzing tiny
amounts of chemicals that are found in a
vapor phase above a liquid or some solid
materials, most solid objects, such as
human hair or clothing, do not have a
significant vapor pressure and thus do
not lend themselves easily to GC-MS
analysis. However, center personnel
can vaporize these solid samples with an
extremely fine laser beam to generate
wisps of product that contain identify-
ing compounds.

The technology is called imaging
laser-ablation mass spectroscopy. The
process combines a laser for vaporizing
extremely small amounts of material, an
ion trap and time-of-flight mass spec-
trometer for analysis, and a high-pow-
ered microscope for viewing. In this
way, forensic scientists can collect and
rapidly identify suspect chemicals.

The process can be used on almost
any solid material—dirt, pieces of glass,
paint chips, clothing fibers, strands of
hair. The samples are placed inside an
ion trap mass spectrometer, irradiated
with a laser, and identified within a few
minutes by the mass spectrometer. The
process allows an investigator to “walk
down” a hair shaft by drilling consecu-
tive holes on the same hair with the
laser and analyzing each volatile sample.
“Because hair grows at a standard rate,
the results can reveal a history of drug
use or exposure to compounds used in
biological or chemical weapons manu-
facturing,” says FSC chemist Greg

S&TR April 2002

Klunder. He points out that the method to the ambient environment for a suit-
could also be applied to samples of able amount of time, can collect thou-
clothing or soil sticking to the shoes of sands of different compounds by acting
someone suspected of developing as a chemical sponge. The polymer
chemical weapons. coatings are specific for different types of
A similar instrument still under compounds such as chemical warfare
development is capable of detecting agents, high explosives, or illegal drugs.
chemicals in air and is well suited for The collection technique requires no
high-speed aircraft sampling of exhaust solvents, sample workup, or additional
smoke from chemical facilities. Potential equipment typically associated with
applications include identifying haz- obtaining evidence. The fibers can be
ardous spills, monitoring industrial inserted directly into a portable or sta-
stacks for certain compounds, and sur- tionary GC-MS for immediate analysis.

veying the environment from a remote
location

to detect chemical releases from a sus-
pect facility.

Wands of Collection

One of the center’s most important
developments has been the solid-phase
microextraction (SPME) collection Kits
that use optical fibers as “chemical dip-
sticks” for safe and efficient sampling.
“The technique has revolutionized the

collection of forensic samples in the Forensic Science Center chemist Del Eckels

field,” says FSC chemist Pete Nunes. uses the 28-kilogram portable gas chromato-
The technology uses commercial graph-mass spectrometer that fits inside a

hair-size (100-micrometer-thick) fibers wheeled suitcase. The portable unit, compa-

to capture organic vapors. The fiber, rable in sensitivity and selectivity to much larg-

residing inside a syringe, is coated with er and heavier units, permits fast

a chemical polymer that, when exposed on-the-scene chemical analysis.

[ LI I

The imaging laser-ablation mass spectrometer combines a laser for vaporizing extremely small
amounts of material, an ion trap time-of-flight mass spectrometer for analysis, and a high-pow-
ered microscope for viewing.

Lawrence Livermore National Laboratory
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Nunes says that because the fibers
are fragile, they had never been taken
into the field. To overcome their
fragility, an FSC team developed rugged
aluminum transport tubes, with each
tube securing one syringe and fiber.

A group of five tubes is contained in

each kit. The hermetically sealed tubes
prevent any possibility of cross-con-
tamination and support chain-of-cus-
tody requirements. A sampling port in
the bottom of the tube permits assaying
the contents in a glove box before the
tube is actually opened.

Forensic Science Center 19

SPME sampling is being put to good
use by FSC weapons scientist David
Chambers to monitor nuclear weapon
warheads safely. This activity is part
of the NNSA’s Stockpile Stewardship
Program to maintain the safety and reli-
ability of the nation’s nuclear stockpile.

Center Plays Role in Famous Law Enforcement Cases

The Forensic Science Center (FSC) has played a pivotal role in
several well-publicized criminal investigations. For example, FSC
examined the composition and structure of tiny bomb fragments
containing trace metal and chemical residues in the Unabomber case.

The center provided analysis and testimony leading to the con-
viction of Fremont, California, bomber Rodney Blach, a former
Chicago Police Department forensic investigator. Blach was con-
victed of planting bombs during 1998 at the homes of the police
chief, a city council member, and others. Former FSC Director
Brian Andresen helped investigators from the federal Bureau of
Alcohol, Tobacco and Firearms (ATF) to reconstruct what Tom
Rogers, assistant district attorney, characterized as “the largest as
well as the most electronically sophisticated domestic pipe bombs
the ATF had ever encountered.” Rogers said, “The electronic
aspects of the devices were beyond the expertise of anyone at
the ATE.”

FSC supported the Democratic National Convention in 2000 by
providing a mobile forensic laboratory for the Los Angeles County
Sheriff’s Terrorist Early Warning Group. The center was also
instrumental in interpreting factors surrounding the death of Gloria
Ramirez, who made several hospital emergency room personnel
violently ill in a well-publicized Southern California case.

FSC helped prosecutors in Glendale, California, rearrest Efren
Saldivar, the self-proclaimed Angel of Death and alleged killer of
many terminally ill hospital patients. FSC scientists performed toxi-
cology analyses on exhumed tissues from 20 patients. They didn’t
expect to find anything. However, with the help of completely new
techniques, including sample collection procedures developed by
the center, they were able to identify the drug Pavulon in the bodies
of six of the deceased patients. The rearrest of Saldivar was based
primarily on the center’s findings

Identifying Bullet Fragments

FSC came to the aid of Kings County, California, authorities who
were stymied by an execution-style triple homicide. The evidence
included a variety of bullet fragments but no weapons.

Investigators found corroded, expended casings scattered around
the grounds where the suspects lived. FSC personnel led by Rick
Randich chemically treated the casings to remove corrosion and
then used optical and scanning electron microscopes to match
the crime-scene evidence with residence specimens. The staff
published its restoration methods as an aid to other agencies.

The center analyzed debris from an explosion that killed a
scientist during a 1992 cold fusion experiment at SRI International
in Palo Alto, California. In testing the explosion debris, FSC
chemists discovered a trace amount of oil in the interior of the SRI
electrochemical cell. They determined that a likely source of this
oil was lubricating fluid that remained from machining the metal
cell components. They concluded that the high-pressure oxygen
atmosphere of the electrochemical cell possibly created the
potential for an explosive reaction with the oil.

Many FSC investigations involve identifying unknown sub-
stances. One specimen brought to the center was a suspicious
green liquid uncovered by the Federal Bureau of Investigation (FBI)
during a search of a stolen cache of weapons. The container of the
liquid was labeled “poison” and gave a dilution formula for use.
FSC chemists analyzed the solution for chemical warfare agents
but finally identified it as a concentrated cleaning agent.

Another extraordinary analysis centered on a shipment of white
crystals in ampoules from China that was thought to be heroin.
The powder was interdicted by the U.S. Customs Service and
subsequently investigated by the FBI. FSC analyses identified the
material as tetrodotoxin, a deadly marine neurotoxin derived from
puffer fish. “The definite identification of tetrodotoxin was a real
success story for the center,” says Andresen.

In the past several months, FSC has been helping authorities to
identify samples of substances suspected of being anthrax. Several
of the specimens brought to the center by law enforcement offi-
cials were from the local community, while others were from
locations at the Laboratory. None was found to be real anthrax;
instead, the powders were determined to be food materials, dust,
dirt, cell culture medium, and powdered paper.

Lawrence Livermore National Laboratory
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The imaging laser-
ablation mass
spectrometer
allows an investi-
gator to “walk
down” a hair shaft
by drilling consecu-
tive holes with the
laser on the same
hair and analyzing
each to obtain a
volatile sample for
a history of activi-
ties such as drug
use or exposure to
chemical weapon
compounds.
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Mass-to-charge ratio of ions

The Forensic Science Center’s
solid-phase microextraction
(SPME) collection kits use opti-
cal fibers as “chemical dip-
sticks” and (inset) rugged alu-
minum transport tubes for safe
and efficient sampling. The
technique has revolutionized
collecting evidence in the field.

X

SPME fiber holder

S

Teflon cup

SPME needle

SPME sampling port
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Chambers uses SPME’s coated fibers
to collect volatile and semivolatile mol-
ecules that are formed or outgassed
from the nuclear and thermal break-
down of organic polymers and high
explosives. Signs of outgassing can indi-
cate problems such as corroded metal
parts that need to be replaced. By moni-
toring for the presence of these chemi-
cal vapors, scientists are alerted to
problems that may be developing inside
the weapon.

The center has provided the FBI and
other agencies with SPME field kits for
the safe and rapid collection of chemical
warfare agents. The kits are equally
well suited for drug detection and arson
investigations. FSC has also developed
a new SPME transport tube that is
smaller and lighter so that it can fit
inside a shirt pocket. Both versions are
being licensed to industry for sale to
government agencies.

Forensic Science Center

This solid-phase microextraction device is used to collect molecules that are formed or outgassed
from the nuclear and thermal breakdown of organic polymers and high explosives contained in
nuclear warheads. Signs of outgassing can indicate problems with parts that need to be replaced.

Always On Call

Although the Forensic Science Center
was highlighted in a Tom Clancy novel,
it is not fiction. It is a rich resource for
the national security and intelligence
communities and has proved itself a
valuable ally to federal and state agencies
alike. Just as they have for the past
10 years, FSC personnel will be on call
for the next case and the next sample.

—Arnie Heller

Lawrence Livermore National Laboratory

Key Words: anthrax, Chemical and
Biological National Security Program,
Forensic Science Center (FSC), gas chro-
matograph-mass spectrometer (GC-MS),
laser-ablation mass spectroscopy,
Organization for the Prohibition of
Chemical Weapons (OPCW), solid-phase
microextraction (SPME), stockpile steward-
ship, thin-layer chromatography (TLC).

For further information contact
Brian Andresen (925) 422-0903
(andreseni@linl.gov).



DoWnVirience
1|5

LAGUE is potentially a deadly
. ‘agent of bioterrorism. Unlike
ithrax; which has been so much in the
s ‘?ﬂéWS lately, plague is highly infectious
~and can be readily passed from one
‘person to another. The bite of a plague-
infected flea or the inhalation of just a
-.'féyy cells of plague bacterium can kill.
e smallpox plague can spread and
11 large numbers of people very
ekly Fortunately, it can usually be
ated with antibiotics.
listory tells us how devastating a
ague epidemic can be. In what is
'i:i_:a:s the Justinian epidemic, from
590 AD, plague spread from
Eg.yp't to Alexandria to Palestine
d on to the Middle East and Asia.
\t its peak; 10,000 deaths occurred
ery day in Byzantium. Eight hundred
ﬁyears later in 1347, plague came to
Jtaly. fmm Asia or Africa, probably by
8 ~ship. By 1351, fully one-third of
'-'_Europe s population had died from
bubonic plague.
-This European epidemic is known
as the Black Death or the Great
* Pestilence. In 1894, when Andre
~ Yersin identified the tiny bacterium
" that.causes plague, he named it pestis
 after the Great Pestilence. He tried to
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name the genus Pasteurella after his
mentor, Louis Pasteur. But Yersinia,
after its discoverer, is the name

that stuck.

Today, Yersinia pestis is one of sev-
eral infectious diseases and agents
of bioterrorism that researchers across
the Department of Energy complex are
studying as part of the Chemical and
Biological National Security Program.
This program comes under the purview
of DOE’s National Nuclear Security
Administration (NNSA). At Livermore,
the work on Y. pestis also receives sup-
port from Laboratory Directed Research
and Development.

Scientists at Livermore have devel-
oped DNA signatures for Y. pestis that
can be used to quickly detect and iden-
tify plague outbreaks. (See “Uncovering
Bioterrorism,” S&TR, May 2000,
pp: 4-12.) Signatures for nine strains of
the disease have been submitted to the
Centers for Disease Control and
Prevention in Atlanta, Georgia, where
they are undergoing
a rigorous validation process.

Livermore’s DNA-based detection
method proved its mettle in northern
Arizona last June when it was used to
identify a plague outbreak in prairie
dogs in just four hours. Standard detec-
tion processes, which require growing

(@)

-

the suspected bacteria in a laboratory,
take 36 to 48 hours.

For a plague detector to be truly
effective, it must do more than simply
indicate the presence of a specific
organism known to cause plague, says
Pat Fitch, who leads Livermore’s
Chemical and Biological National
Security Program. The detector also
must be able to identify the specific
traits found in atypical plague-causing
organisms. Scientists know of several
hundred strains (or isolates) of
Y. pestis, and they do not all behave in
precisely the same way. A few strains
are believed to have been genetically
modified or engineered to be more
deadly. There have also been two clini-
cal cases of naturally occurring antibi-
otic-resistant plague. Knowing the pre-
cise identity of a strain of plague—or
of any infectious disease, for that mat-
ter—could help physicians treat a
patient properly.

Plague research at Livermore cur-
rently is focusing on what makes
Y. pestis so virulent and able to over-
come the defenses of a host organism.
Fitch is leading the Pathogen Pathway
Project, using plague as a prototype for
the functional genomics of a larger set
of pathogenic agents that could be used
in biological terrorism. (See the box on
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p- 6 for more information on functional
genomics.)

Besides building better detectors,
work on the Y. pestis genome will also
lead to a better understanding of patho-
genicity and better vaccines and treat-
ments for the disease. The ultimate
goal, says Fitch, “is to produce a com-
puter model that simulates the workings
of a cell so that we can better manage
exposure to pathogens.”

Plague as Prototype

The highly contagious Y. pestis is
an excellent model for studying the
interactions of a pathogen and its host.
In the case of Y. pestis, the host may
be a flea, a rodent, or a human. Fleas
carry plague bacteria and help transmit
the disease. Once an infected flea bites
a rodent or human, the bacteria begin
to multiply in the new host, and their
virulence shifts into high gear. Y. pestis
circumvents the host’s defenses by
injecting into host cells a series of viru-
lence factors that inhibit the response of
the immune system.

Earlier research has shown that
when Y. pestis is grown at the body
temperature of a flea (26°C), its cells
divide, but it does not express (turn on)
many of the genes that make it virulent
in rodents and humans. When the tem-

(a) Yersinia pestis, which causes
plague, is a pathogen likely to be
used by terrorists. (b) Its DNA
forms loops, unlike human DNA,
which forms strands. Scientists
studying it screen between two
to five million of its nucleic acid
bases to find unique regions (cir-
cled). Using polymerase chain
reaction technology, the unique
regions can be amplified thou-
sands of times and processed to
identify and characterize Y.
pestis.
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perature increases to 37°C (human or
rodent body temperature), the bacteri-
um begins to produce the proteins
essential to its virulence. This virulence
mechanism can be induced in the labo-
ratory, making plague relatively easy to
study.

Examination of the Y. pestis genome
before and after virulence has been
induced shows what genes have been
turned on. But that information is not
enough to show precisely which genes
are responsible for various aspects
of virulence.

For comparative purposes, a
Livermore team led by microbiologist
Emilio Garcia collaborated with the
Institut Pasteur in France to sequence
Y. pseudotuberculosis, the parent
organism of Y. pestis. Although

From Sequencing to Functional Genomic_s'."_

DNA decoding, known as sequencing, is the process that determines the precise order:
of the four nucleic acid bases—adenine (A), thymine (T), guanine (G), and cytosine (C) :
that comprise the DNA of all living things. In the case of Yersinia pestis, its DNA
sequence comprises 4.66 million bases., The Sanger Institute in Great Britain recently pi
lished the complete and annotated sequence of the Y. pestis genome. For three years
before that, a preliminary version of the sequence had been available for use by

researchers throughout the world.

As the DNA genome, or parts list, for an organism becomes available— whether it
for plague, mice, or humans—researchers begin to examine the accumulated sequence d
very closely. They are trying to identify what makes this particular genome wo
it'does—its wiring diagram, so to speak. They search for specific genes. T
how DNA works with proteins and the environment to create complex, dyna
systems. Proteins are large molecules composed of amino acids that perfor
functions and make up the majority of cellular structures. :

Functional genomics, as this field of research is known, encompasses ma
Some researchers examine when, where, and under what conditions genesmar
that is, turned on. Others study the expression and function of the proteins en
tain genes. Still others use x-ray crystallography and other methods to generz
dimensional structures of proteins, which offer clues to their function. Resear
inactivate or knock out genes and study the results to learn what specific g | )
researchers compare the DNA sequence of several organisms in an effort to ide &i-IE ;
unique genes and interpret their function. Research is under way in several of these ¢ are
as Livermore examines what makes Y. pestis so virulent.

their DNA sequences are about
95 percent identical, Y. pestis and
Y. pseudotuberculosis behave different-
ly. Y. pseudotuberculosis lodges in the
intestine and causes flulike intestinal dis-
tress. Y. pestis is also closely related to
the mild-mannered Y. enterocolitica, an
intestinal bug
that is itself very much like
Y. pseudotuberculosis. Y. enterocolitica
is currently being sequenced by the
Sanger Center in Great Britain.
“Bacteria evolve very efficiently and
make use of about 80 percent of their
DNA,” says Fitch. By comparison,
humans use only about 30 percent of
their DNA. Aiding speedy evolution are
the many insertion sequences in a bac-
terial genome. Insertion sequences are
bits of DNA that allow large regions of

Fif
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DNA to replicate themselves and
move around the genome, relocating
themselves somewhere else. When an
insertion sequence lands within a
gene, it deactivates that gene. These
transfers can also occur across
species, and it is not difficult for a
bacterium to grab DNA from another
bacterium.

Y. pestis evolved from Y. pseudotu-
berculosis within the past 15,000
years, a rapid evolution even for bacte-
ria. “Something happened then to
cause Y. pestis to learn how to live in a
flea,” says Garcia.

In addition to their normal chromo-
somal DNA, bacteria may have small-
er circles of DNA known as plasmids.
Plasmids replicate separately from
chromosomal DNA and often house
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genes that encode enzymes critical to
the host cell or organism. For example,
when a bacterium has become resistant
to antibiotic drugs, it is usually because
the bacterium has acquired a new plas-
mid.

One Y. pestis plasmid encodes at
least two genes that allow Y. pestis to
survive in fleas. Another plasmid is
home to the gene that activates the dis-
ease’s invasiveness. Researchers have
found that Salmonella has a similar plas-
mid, which one bacterium probably
obtained from the other.

“The interesting thing is that if
you insert the three pestis plasmids
into Y. pseudotuberculosis or Y. entero-
colitica, you don’t get pestis,” says
Garcia. “So something else is going on.
Unfortunately, it’s never simple.”

Once its virulence genes have been
turned on, plague infects its host using
what is known as Type III secretion, an
injection mechanism more colorfully
called “Yersinia’s deadly kiss.”
Salmonella typhi, enteropathogenic
Escherichia coli, Chlamydia psittaci,
various species of Bordetella, and other
pathogenic bacteria appear to share this
syringelike injection mechanism. This
common trait may indicate another area
of transferred genomic material.

Before Livermore’s research on
plague started, many of the genes criti-
cal for virulence had been identified but
were poorly understood. The same was
true for the underlying mechanisms of
virulence. There was also little under-
standing of the gene and protein interac-
tions that take place between the patho-
genic bacteria and its host.

The Pathogen Pathway Project is
using functional genomics tools to iden-
tify genes important to virulence and
understand the pathways of virulence.
The team’s hypothesized pathway, from
DNA to the host organism, is shown in
the bottom
figure at right.

Expression and Function

An early task for Livermore bioscien-
tists and computations experts was to
develop a relational database of the
DNA sequence of Y. pestis. In collabora-
tion with the DOE Genome Consortium
at Oak Ridge National Laboratory, these
data were used to computationally pre-
dict where the 4,500 genes in Y. pestis
are located and which genes might be
associated
with virulence.

Next, Livermore bioscientist Vladimir
Motin and colleagues designed chemical
reagents for extracting over 300 genes
from Y. pestis DNA, including all known
virulence-associated genes on the plas-
mids. In an initial test, they extracted 85
genes associated with virulence and
spotted them on a glass microscope slide
alongside 11 control spots, making up a
96-spot microarray.

P
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A microarray permits scientists to
study the response of thousands of
genes or other pieces of DNA quickly
and efficiently in a process known as
transcript profiling. In the process, each
gene receives some kind of stimulus,
causing it to turn on and produce mes-
senger RNA (mRNA). In the case of
plague, the stimuli are changes in tem-
perature and calcium concentration. The
production of mRNA leads, in turn, to
the synthesis of unique proteins. The
level of mRNA can be measured for
each individual gene. The more active
or expressed genes there are, the more
mRNA will be present.

For the 96-spot microarray, the team
developed a protocol to study the
response of Y. pestis genes under condi-
tions that mimic the infection process:
at both flea and human/rodent body
temperatures, 26°C and 37°C, and at

The Type Il secretion, a syringe-
like injection mechanism more col-
orfully called “Yersinia’s deadly
kiss,” which is how plague infects
a host once its virulence genes
have been turned on.

Hacteral coll
Genas Massaps Proteing Functicn/ . Host
{DNA) [ANAY eeniroamn imurec: ors
Ragulation

A schematic diagram of information that is hypothesized to describe the pathways of virulence
in a pathogen. The regulatory (feedback) loop is often nonlinear, and there can be multiple

feedback paths with complex interactions.

Lawrence Livermore National Laboratory
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calcium levels that correspond to those
of blood (higher level) and organs
(lower level), the latter location being
where more virulence genes

are expressed.

More recently, they developed a
microarray for all 4,500 Y. pestis
genes. All of the genes are being
mapped at six time intervals as tem-
perature rises and calcium concentra-
tion drops. The team is thus beginning
to establish a timeline for how and
when genes change and are expressed
while the plague bacterium is infecting
a human host. Some genes are
expressed early, while others are late-
onset genes. A detailed picture of how
the bacterium behaves during the
infection process will provide useful
information for the development
of diagnostic techniques and
treatment methods.

A 96-spot microarray for A
transcript profiling of

85 genes of Yersinia

pestis; 11 of the spots are
controls. Genes tagged

with fluorescent dyes c
change color in response

to various stimuli.

Garcia and other researchers also
completed a detailed analysis of three
Y. pestis plasmids, which allowed them
to confirm the location of several
known virulence genes and to uncover
four novel ones believed to contribute
to virulence. Computerized compar-
isons with other genomic databases
indicated the presence of a large num-
ber of virulence-related genes that are
similar in both closely related bacteria
such as Y. pseudotuberculosis and dis-
tantly related bacteria such as E. coli.
The team also found numerous gene
coding regions whose function they
could not determine.

Using a proteomic approach of pro-
tein separation techniques and mass
spectrometry (MS), Livermore
researchers led by Sandra McCutchen-
Maloney are analyzing complex mix-
tures of proteins isolated from Y. pestis.

S&TR March 2002

By comparing samples grown at the two
physiological conditions mimicking the
flea and the human (at 26°C and 37°C,
respectively) and at low calcium con-
centration to induce virulence, the team
is detecting differential protein expres-
sion to identify candidate proteins
important for Y. pestis pathogenicity.
Comparisons are also being made
between human cells that have and have
not been exposed to Y. pestis in order to
understand the host immune response.
Because it is the proteins that are actual-
ly responsible for virulence effects, the
group is also working to correlate their
proteomic data with genomic data
obtained from microarray experiments.
To learn more about the individual pro-
teins responsible for virulence, the team
is using various biochemical assays to
test functional models of the candidate
virulence factors. In addition,
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McCutchen-Maloney’s group is looking
at host—pathogen interactions by using
surface-enhanced laser desorption ion-
ization (SELDI) MS to study various
protein-DNA and protein—protein inter-
actions within Y. pestis and between Y.
pestis and the human host. For exam-
ple, regulatory proteins that bind to
genes and control differential expres-
sion are under investigation, as are the
specific protein—protein interactions of
suspected virulence factors. These
molecular interactions are key to the
genetic feedback that occurs as a
pathogen infects its host,

as shown in the bottom figure on p. 7.

Differences Are Key

Before Garcia’s team completed
its comparative sequencing of
Y. pseudotuberculosis, microbiologists
Gary Andersen, Lyndsay Radnedge,
and others examined the differences
between Y. pseudotuberculosis and
Y. pestis using a different technique.
This process, developed in Russia, is
known as suppression subtractive
hybridization (SSH). SSH identifies
regions of DNA that are present in one
species but absent in another.

SSH has the advantage of requiring
only small amounts of genomic DNA.
It can be used with any genome, even
one that has not yet been characterized.
It is especially useful for identifying the
large genomic differences typically
found between bacterial genomes. For

example, SSH identified the genetic
material that causes Kaposi’s sarcoma,
a skin lesion associated with HIV and
AIDS. At Livermore, SSH has been
useful for finding differences among
anthrax strains and other potential
agents of bioterrorism.

Comparison of Y. pestis and
Y. pseudotuberculosis revealed seven
DNA regions in Y. pestis that do not
occur in Y. pseudotuberculosis. Four
of them occur very closely to one
another on the Y. pestis genome. ‘It
is fair to assume that pestis acquired
this region during its evolution
from Y. pseudotuberculosis,” says
Radnedge.

To learn more about the function of
genes in these areas, Garcia and others
are beginning ‘knock-out’ studies.
They will inactivate, or knock out, one
gene at a time and test the resulting
bacterium on an animal to see how the
host and its genes respond. This is
slow, laborious work, but it will help to
determine what the function of each
Y. pestis gene is, if any, and what gene
or genes in the host are expressed as a
response. This detailed examination of
pathogen-host interaction for plague
will be the first of its kind.

Being Prepared

Research to date on plague lays the
groundwork for additional work
planned at Livermore in the areas of
microbiology, proteomics (the global

Lawrence Livermore National Laboratory
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study of proteins), bioinformatics (the
integration and analysis of biological
data), and biological modeling for the
NNSA’s Chemical and Biological
National Security Program. Some of the
research will elaborate on plague, some
will examine a broader spectrum of
human pathogens, and some will further
the development and use of biodetectors,
mass spectrometry, and other technolo-
gies.

In the U.S. today, plague pops out of
the rodent population and into the human
populace occasionally in the desert
Southwest. It is a larger problem in a few
other countries. But the real fear is that
plague could be used as an agent of mass
destruction. At least in industrialized
countries, it is unlikely that plague
would cause the huge number of deaths
that occurred during earlier epidemics.
Better sanitation, a more educated popu-
lace, and a far superior medical system
would likely prevent that. But the world
needs to be prepared.

—Katie Walter

Key Words: bioterrorism agents, Chemical
and Biological National Security Program,
plague, surface-enhanced laser desorption
ionization mass spectrometry (SELDI-MS),
suppression subtractive hybridization (SSH),
virulence, Yersinia pestis, Yersinia pseudotu-
berculosis.

For further information, contact Pat Fitch
(925) 422-3276 (fitch2@lInl.gov).
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4 -_;: I HE recent cases of anthrax spores

ciehberately spread through the
r_n_aul reminded all Americans, and espe-
. cially managers of federal and
state agencies responsible for public
health and safety, about potential terror-
- ism with chemical and biological
weapons. The anthrax cases have also
underscored the need for safer and
more efficient methods to decontami-
nate offices and homes of deadly bio-
logical agents.

During the late 1990s, scientists at
the Department of Energy national lab-
oratories foresaw. the need for a
safe, reliable, and easily deployable
decontaminating agent that could be
used for civilian defense against bio-
logical and chemical terrorism.

DOE managers agreed with the scien-
tists and asked them to use their
expertise in chemistry, biology, and
environmental protection to develop
new decontamination products and
procedures.

Lawrence Livermore responded to
this request with a team formed from
the Environmental Protection
Department and three directorates—

“‘LJ

Chemistry and Materials Science;
Nonproliferation, Arms Control, and
International Security; and Biology and
Biotechnology Research. The team of
diverse experts developed a compound
called L.-Gel (the L is for Livermore),
which combines a mild, commercially
available oxidizer with a silica gelling
agent to create a substance that coats
walls, ceilings, and other materials like
a paint, effectively decontaminating the
coated surface.

The material is nontoxic, noncorro-
sive, easy to manufacture, easily
deployable, and relatively inexpensive
(about $1 to cover a square meter).
Tests at Livermore’s laboratories and
field trials at both federal and foreign
facilities have shown that L-Gel has
been extremely effective at decontami-
nating all classes of chemical warfare
agents as well as surrogates for biologi-
cal warfare agents.

Livermore technology transfer spe-
cialists are currently engaged in negotia-
tions with several companies to license
the manufacturing and marketing of L-
Gel. If negotiations proceed apace, gov-
ernment agencies could have the materi-
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al. by the end of the fiscal year
(September 30) to respond to any ter-
rorist incident involving chemical or
biological agents.

Different Needs for Civilians

According to L-Gel development
leader Ellen Raber, a geochemist and
head of Livermore’s Environmental
Protection Department, several decont-
aminating agents are effective against
either chemical or biological warfare
agents. However, these materials,
which are mainly strong chemicals,
were developed by the military for bat-
tlefield use, and they pose environ-
mental and health risks when used in
civilian settings. At the minimum, they
can damage everyday materials such as
furniture and office equipment.

Other methods that have been used
in civilian settings have serious draw-
backs. For example, solutions of laun-
dry bleach work well as decontami-
nants but are very corrosive.
Incineration and irradiation have obvi-
ous practical limitations in office set-
tings or face public resistance.
Chlorine dioxide gas, used late last
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year to decontaminate the Hart Office
Building that houses members of the
U.S. Senate, is a laborious process and
poses a safety risk to workers. It also
requires the gassed building to be neu-
tralized before people can reenter.

The Livermore team focused on
finding an effective decontaminating
agent and application system that is
safe to use, does not damage commonly
used materials and surfaces, is friendly
to the environment, and is effective
against both chemical and biological
warfare agents. “We wanted something
that was less corrosive than bleach, that
is easy to apply, and that does not leave
workers with a huge cleanup job,”
Raber says.

Raber points out that speed of
decontamination, which is all-important
in military applications, is less impor-
tant in civilian applications, where
decontamination times of one to several
hours may be adequate. More important
in a civilian scenario are ease of appli-
cation, minimal training required for
use, moderate expense, and environ-
mentally acceptable byproducts.

The team also recognizes that the
new. product needs to be effective in
three potential settings of a terrorist
incident against civilians: an outdoor
location such as a stadium, a semien-
closed place such as a subway station,
and an enclosed space such as an office
building. Using the decontaminating
material on interior surfaces can have
quite different requirements from those
appropriate for outdoor use, where nat-
ural attenuation from environmental
conditions (for example, ultraviolet
radiation from sunlight) might well be
adequate for effective decontamination.

Start with the Oxidizer

The development effort began with
Livermore scientists Ray McGuire
and Don Shepley evaluating several

acidic oxidizer solutions that could
degrade chemicals into nontoxic,
environmentally acceptable compo-
nents. (Oxidizing solutions do not
completely destroy chemical agents
but rather break key chemical bonds
to render the toxic compound inac-
tive.) The oxidizers considered could
be deployed in liquid spray systems
or incorporated into compatible gels
for clinging to surfaces such as ceil-
ings and walls.

McGuire chose an acidic rather than
a basic oxidizer solution, primarily to
aid the decontamination of VX, a potent
nerve agent. Acidic oxidizer solutions
are also known to be effective at decon-
taminating certain biological warfare
agents, including bacterial spores,
which are extremely difficult to kill
because of their hard, multilayered
coats. The coat allows a spore to remain
in a dormant state for many years until,
under the right environmental condi-
tions, it transforms into a live organism.

“Anthrax is the most difficult bio-
logical agent to kill because of its
resistant outer coat,” says Raber. An
oxidizer in acidic solution breaks down
the proteins that are found in anthrax
coats. Once the oxidizer gets through to
the nucleus, its molecules destroy
strands of the anthrax DNA or RNA.

The goal was to find the most
effective oxidizer at the lowest
effective concentration. The oxidiz-
ers that were evaluated included
potassium permanganate, peroxy-
disulfate, peroxymonosulfate, hydro-
gen peroxide, and sodium hypochlo-
rite. The oxidants were evaluated in
laboratory tests on chemical warfare
surrogates for such agents as VX, sarin
(used in the Tokyo subway terrorist
incident), and sulfur mustard (used dur-
ing World War I).

Livermore bioscientist Paula Krauter
evaluated the same group of oxidizers

Lawrence Livermore National Laboratory
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on surrogate biological agents and tox-
ins that would likely be used in terrorist
attacks. Bacillus subtilis was used for
spore-forming agents such as anthrax,
Pantoea hericola was the surrogate for
plague, and ovalbumin was the surro-
gate protein for botulinum toxin.

The initial laboratory tests showed
that potassium peroxymonosulfate
was more than 99 percent effective
at oxidizing both chemical and biolog-
ical warfare surrogates that were
placed on common materials such as
carpet, wood, and stainless steel. The
results led to the selection of Oxone, a
commercial product manufactured by
DuPont, which contains potassium
peroxymonosulfate—its active ingredi-
ent—in a water solution. Previous
research at U.S. military laboratories
had demonstrated the effectiveness of
Oxone in decomposing both VX and
mustard-type agents, but the com-
pound had not been previously tested
on biological agents.

Exosporium

Inner /
'membrane

Coats

The cross section of a bacterial spore, such as

anthrax, shows its hard, multilayered coats,
which both make the spore difficult to kill and
allow it to remain dormant for many years.
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Gel Adds Staying Power

The team recognized that spraying
water-based solutions of Oxone would
not be effective in all cases.
Consequently, McGuire and Mark
Hoffman investigated carrier materials
that would thicken the oxidizer so it
would better cling to walls, ceilings,
and other surfaces to increase
contact time with the biological or
chemical agent.

Hoffman chose colloidal amorphous
silica as the carrier material for several
reasons. First, unlike crystalline silica,
which is toxic, colloidal amorphous sili-
ca is safe to use and is found in many
household paint formulations. Also, sili-
con dioxide colloidal particles are com-
mercially available, don’t require manu-
facturing in a special facility, and,
because they are chemically inert, are
compatible with oxidant solutions.
When mixed with the oxidizer, the gel
can be applied with simple delivery sys-
tems, such as paint sprayers. After appli-
cation, it thickens and tends not to sag
or flow down walls or drip from ceil-
ings. Finally, silica gel materials

The biocidal effect of perox-
ymonosulfate, the oxidizer
in L-Gel, is seen on this
nutrient agar plate of
Bacillus subtilis spores (sur-
rogates for anthrax). Three
spots of silica gel were
added to the plate. Two of
the spots contained peroxy-
monosulfate and one (at
right) did not. The peroxy-
monosulfate-containing gel
inhibited spore germination
in the zone surrounding the
gel, even leaching into the
agar.

can be easily vacuumed up after they
have dried.

Livermore chemists have extensive
experience with colloidal silica gel. From
the late 1960s to the late 1980s, the
chemists developed a series of extrudable
high explosives based on the gelling of
energetic liquids. Although this research
did not advance to the explosives pro-
duction stage, the development effort
provided useful experience for working
with silica-gel materials. It was a logical
step to adapt this work to the gelling of
aqueous oxidizers for candidate deconta-
minants, says Hoffman. “Our research
with high explosives gave us a good feel
for working with silica gels.”

Hoffman selected Cab-O-Sil EH-5
fumed silica as the gelling agent.

The final formulation was named
L-Gel 115, which is a formulation of
aqueous Oxone solution gelled with

15 percent EH-5 silica gel. The viscosi-
ty can be varied, depending on the
application. Under development is a
second formulation, called L-Gel 200,
which contains 10 percent t-butanol
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cosolvent to promote penetration
on surfaces with heavily coated paint
or varnish.

Field Tests Prove Effectiveness

The final L-Gel 115 formulation
was subjected to a series of tests at
Livermore facilities using surrogates of
potential terrorist chemical and biologi-
cal agents. The tests involved placing
surrogate chemical and biological
agents on various common materials—
varnished wood, painted steel, glass,
fiberglass, and carpet—adding L-Gel to
the surface, allowing the gel to dry for
30 minutes to several hours, and then
determining the percentage of surrogate
that had been decontaminated. L-Gel
proved greater than 99 percent effective
on all surfaces and for all agents.

The Livermore biological
researchers also tested L-Gel on safe
strains of the deadly biological agents
Bacillus anthracis (anthrax) and
Yersinia pestis (plague). These
strains—Sterne and Strain D27, respec-
tively—could be safely used in experi-
ments because they are nonvirulent,
that is, they do not contain the genes
that create the lethal toxins present in
the real organisms. (See the article
beginning on p. 4 about research on
sources and pathways of virulence in
organisms.) The researchers used the
agar plate resistance test, a standard
technique to measure the efficacy of
antibiotics. In this test, about one mil-
lion cells (or spores, in the case of B.
anthracis) were combined with liquid
agar, then poured onto a petri dish con-
taining nutrients for cell growth. The
strains were also tested against dilu-
tions of L-Gel, which proved more
than 99.9 percent effective in killing
the cells and spores.

L-Gel also was tested against sur-
rogate spore-forming bacteria in two
field exercises. In December 1999,
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researchers Krauter and Tina Carlsen
participated in biological warfare field
tests that were conducted by the Soldier
Biological and Chemical Command at
the U.S. Army Dugway Proving
Ground, Utah. The tests compared the
ability of several decontamination
materials to inactivate surrogate organ-
isms placed on six 40-square-centime-
ter panels of acoustic ceiling tile, tight-
ly woven carpet, fabric-covered office
partition, painted wallboard, concrete
slab, and painted metal. Each panel was
contaminated with about 10 billion
spores per square meter.

After L-Gel was applied, the panels
were swabbed about 24 hours later.
The number of live spores on most test
panels was reduced by an average of
99.988 percent.
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In October 2000, Krauter and
Hoffman participated in a biological
warfare agent room-decontamination
exercise that was conducted again at
the Dugway Proving Ground. The
tests used full-scale, mock offices con-
structed in an abandoned building.
Flooring was divided into quarters con-
sisting of carpet, vinyl tile, varnished
oak, and painted concrete. Walls con-
sisted of stucco, wood paneling, plas-
terboard, and carpet, and the ceiling
was constructed of suspended ceiling
tile. The room was contaminated with
4 grams of spores. After application of
L-Gel, about 400 samples were collect-
ed from multiple locations in the room.
L-Gel reduced the number of spores by
about five orders of magnitude and, in
these experiments, did not damage

L-Gel

il il
Researcher Paula Krauter applies L-Gel to
“contaminated” panels of different materials
to test the gel’s effectiveness.
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L-Gel was tested against surrogate spore-forming bacteria at the Soldier Biological and Chemical Command at the U.S. Army Dugway
Proving Ground, Utah. In one test, surrogate organisms were placed on six 40-square-centimeter panels of acoustic ceiling tile, tightly
woven carpet, fabric-covered office partition, painted wallboard, concrete slab, and painted metal. L-Gel reduced the number of live spores
on most test panels by an average of 99.988 percent.
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How Clean Is Clean Enough?

When a terrorist attack on civilians potentially involves biologi-
cal or chemical warfare agents, decision makers will need to make
fast and informed choices about how to respond. A team of
Livermore researchers from the Safety, Security, and Environmental
Protection Directorate has developed a process that guides users to
make the best emergency response decisions involving notification,
identification, characterization, decontamination, and cleanup.

In 1998, at the request of DOE’s Office of Nonproliferation and
National Security, the team developed a biological agent decontam-
ination plan in the form of a flowchart. It was then used in a recom-
mendation from the Environmental Protection Agency to the
National Security Council, the President’s principal forum for con-
sidering national security and foreign policy issues. In 2001, the
Livermore team added chemical warfare agents to the plan, now
termed the Chemical and Biological Agent Decision Process.

The process helps users to determine what actions need to be
taken at the outset; if an actual or potential impact to health, proper-
ty, or the environment exists; whether or not decontamination is
needed; what steps should be taken and when; and how to verify
that cleanup and remediation are complete so that the area can be
designated as safe to reenter or reuse.

Partarm she scongrio ek assessmuonts for pobartal
Impact i numan ard animal heaisn and 1o the emdonmant

Artdraas ong-Sem

Cetarning apropriale .

————— ey ]
and heath imeuss

Under the process, each of four phases (notification, first respon-
der, characterization, and decontamination/remediation) progresses
to the next phase as soon as all its issues have been addressed. The
format includes numerous yes/no decision points and links to more
detailed information on specific topics. The decision process takes
into account different environments, such as an outdoor site, and
considers individuals in the general population who may be at higher
risk for illness and injury.

According Ellen Raber, head of Livermore’s Environmental
Protection Department, the biological agent decontamination plan
addresses a need by several federal agencies for an up-to-date sum-
mary of information necessary to evaluate acceptable decontamina-
tion levels and procedures. The goal of the plan is to help minimize
the number of deaths and illnesses, damage to the natural and built
environment, and the extent of economic damage (for example, crop
or livestock damage) resulting from a biological terrorism incident.

In developing the plan, Livermore experts did a thorough litera-
ture search and consulted with colleagues at the U.S. Army, the U.S.
Environmental Protection Agency, and federal health agencies,
including the U.S. Public Health Service. The team noted that
responding to a civilian event involves different priorities than those
for a military setting. For example, during a battle, quick decontami-
nation is critical so soldiers can continue their mission. In a domestic
urban scenario, however, considerations of public health and envi-
ronmental issues are usually more important than immediate decont-
amination. Also, the decontamination process may need to be
staged, with cleanup of gross contamination—for example, of pud-
dles of toxic materials—followed by more localized decontamina-
tion, such as cleaning up materials in cracks.

The flowchart is structured so that cleanup criteria are dependent
upon the decontamination site. Much stricter criteria are necessary
for indoor settings such as offices or homes than for outdoor scenar-
ios where wind, sunlight, temperature, and rain may effectively
decontaminate biological agents, toxins, and chemical warfare
agents.

Raber says the decision process must include answering the
question, “How clean is clean enough?” In this respect, it is more
difficult to establish target cleanup levels for biological agents than
for chemical agents, in large part because of public acceptance and
perception issues. She notes that the public may demand zero living
organisms after decontamination, but achieving such a level may not
be practical or necessary. In the case of anthrax, for instance, it takes
about 6,000 inhaled anthrax spores to cause respiratory anthrax.
Furthermore, some biological agents such as anthrax are already
indigenous to many farming communities and exist without incident.
“Zero concentration of a biological agent and zero risk, in many
cases, are clearly not a necessity,” she says.

Raber also points out that it is possible to do a poor job of decon-
tamination and to make it look good by doing a poor job of sam-
pling and analysis. “In the end, decontamination must be defensible
to regulatory agencies and to the public.”

Lawrence Livermore National Laboratory
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office surfaces, with the exception of
bleaching some rust on ceiling supports.

L-Gel was also independently tested
on real chemical warfare agents at four
locations from October 1998 to October
2000. The tests were conducted at the
Military Institute of Protection, Brno,
Czech Republic; Edgewood Chemical
and Biological Forensic Analytical
Center, Maryland; the Defense Evaluation
and Research Agency, United Kingdom;
and the Soldier Biological and Chemical
Command at Dugway. Field tests
showed that L-Gel was a more effective
decontaminant of real VX, GD (nerve
agent), and sulfur mustard than the cur-
rent military standard, calcium hypochlo-
rite, on such materials as acrylic-painted
metal, polyurethane-coated oak flooring,
and indoor-outdoor carpet.

Two of the field trials also demonstrat-
ed that the L-Gel 200 formulation has
improved penetration and thus promotes
solution and oxidation in thickened chem-
ical agents. L-Gel 200 was tested on real
chemical warfare agents such as thick-
ened distilled mustard and thickened
soman (persistent nerve agent) as part of
the Restoration of Operations series of
experiments at Dugway Proving Ground.
The agents were applied on steel test pan-
els, Air Force air-ground equipment
paint, and Navy shipboard coating.

Meets Safety Standards

With L-Gel’s excellent performance
demonstrated in both laboratory and
field trials, it was time to partner with

-

A second test at the Dugway Proving Ground
in Utah tested L-Gel in a mock office setting.

one or more commercial firms that
could manufacture the material quickly
and efficiently. Fortunately, says Raber,
“L-Gel is simple to manufacture. It’s
comparable to mixing paint.” L-Gel is
relatively noncorrosive (its pH is about
4, similar to that of vinegar or lemon
juice), and Environmental Protection
Agency testing shows its residual mate-
rials to be nonhazardous. It

also meets the Department of
Transportation’s nonhazardous and
noncorrosive requirements and is stable
during shipping.

L-Gel is premixed and then shipped
and stored as a semisolid resembling
Jello at room temperature. If unopened,
its shelf life is expected to exceed
a year. It is reliquefied to the consisten-
cy of house paint by vigorous shaking
by hand or a power stirrer.

It can be applied with any type of com-
mercially available spray

device, whether airless or compressed-
air units, with any stainless-steel atom-
izing nozzle.

Although L-Gel clings to walls and
ceilings, it does not harm most painted
surfaces or carpets. Decontamination
takes about 30 minutes. When dry (in
about 1 to 6 hours), the gel residue,
unreacted oxidizer, and decontaminated
chemical or biological agents can sim-
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ply be vacuumed up and discarded as
nonhazardous waste. For outdoor use,
no cleanup is required.

Raber says L-Gel compares favor-
ably to other decontamination methods
that have been used recently to kill
anthrax spores. The tried-and-true
method is a bleach solution. However,
bleach is extremely corrosive to metal
surfaces and must be used with care by
cleaning crews.

A foam developed at Sandia
National Laboratories in New Mexico
has also been effective for decontami-
nating chemical and biological agents.
This material is sprayed on surfaces
like a firefighting foam. Most of the
foam dissipates, and the residual mate-
rial is then washed off. It has been used
to clean offices of Congress and at
ABC News. Raber suggests that L-Gel
and the Sandia foam could work in tan-
dem, with L-Gel sprayed on walls and
ceilings and the Sandia foam applied to
large pieces of equipment and floors.

Chlorine dioxide, used to decontam-
inate U.S. Senate offices, is a gas that
kills bacteria but also is hazardous to
human health and thus must be applied
by trained personnel. Afterward, its
vapors must be sucked out of rooms
and then filtered through an ascorbic
acid bath to decompose it. Raber notes

L-Gel is shipped premixed as a semisolid. It is reliquefied to a house-paint consistency by vigor-
ously shaking it by hand or using a power stirrer.

Lawrence Livermore National Laboratory



34

L-Gel

that gases and aerosols have clear
advantages for decontaminating ventila-
tion systems and hidden spores, and
research needs to continue to find an
environmentally safe gas or aerosol that
is effective for these applications.

Irradiation, popular in Europe, kills
bacteria and spores and is effective in
decontaminating mail, food, and other
objects. However, the method requires
large machines, which are essentially
small accelerators, and is not currently
viable for large-scale room decontami-
nation.

In the News

News about L-Gel has spread rapidly,
and Raber has been interviewed by sev-
eral newspapers, television stations, and
National Public Radio. She has also
received a large number of inquiries
from emergency response groups across
the country interested in additional
information and samples.

The developmental work for
L-Gel 115 is complete, and Raber’s team
has begun to develop a new formulation
to decontaminate ventilation systems.
“Right now, we don’t have an easy way
to decontaminate air ducts,”” she says.
The team is working on an encapsulation
method to aerosolize L.-Gel (make it into
tiny droplets) so that it could be blown
into ventilation systems.

e

Livermore chemist Mark Hoffman uses a household paint sprayer to apply L-Gel to a test panel.

In the meantime, licensing of L-Gel
manufacture is well under way, and
Raber is hopeful that major organizations
will soon have an important yet nontoxic
new weapon to counter any biological or
chemical attack.

—Arnie Heller

Lawrence Livermore National Laboratory
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Key Words: anthrax, biological warfare,
Chemical and Biological Agent Decision
Process, chemical warfare, decontamina-
tion, L-Gel, peroxymonosulfate.
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Hand-Held Biosensors

Rapid Field Detection of Biological Agents

OR years, experts in terrorism have been warning that a

terrorist attack with biological agents is not a question of
“if” but “when.” As recent events have proved, when is now.

For almost a decade, researchers at Lawrence Livermore,

working on the when-is-now premise, have been developing
systems that can rapidly detect and identify biological agents,
including pathogens such as anthrax and plague. (For more
background on Livermore’s research against bioterrorism, see
S&TR, June 1998, pp. 4-9, and May 2000, pp. 4-12.) Among
such systems are the Handheld Advanced Nucleic Acid
Analyzer (HANAA) and the Autonomous Pathogen Detection
System (APDS).

The Handheld
Advanced Nucleic
Acid Analyzer can
detect biological
pathogens in

the field.

Although HANAA and APDS are of different sizes and
made for different situations, they have a common purpose: to
get results, fast. Lawrence Livermore biological scientist
Richard Langlois explains, “There are any number of labo-
ratory tests available right now to analyze pathogens. They all
require getting a sample and then transporting it to a laboratory
for processing. Our systems use new instrumentation and
methods that provide faster and more timely results, on the
spot. Faster results mean the responders can act quickly and
begin treatment earlier.”

HANAA in Hand

About the size of a brick, the HANAA biodetection system
can be held in one hand and weighs less than a kilogram. The
system was designed for emergency response groups, such as
firefighters and police, who are often first on the scene at sites
where bioterrorism may have occurred. Each handheld system

can test four samples at once—either the same test on four

different samples or four different tests on the same sam-
ple. HANAA can provide results in less than 30 minutes,
compared with the hours to days that regular laboratory tests
typically take.

The process of detecting and identifying what’s in a sample
works like this. The operator prepares the samples by putting
them in a liquid buffer and adding chemicals. A tiny disposable
plastic tube holding about 0.02 milliliter of the prepared liquid
is then inserted into the system. Many copies of a sample’s
DNA are needed to analyze it and identify its makeup.
HANAA uses a technique called the polymerase chain reaction
(PCR), which amplifies agent-specific DNA fragments to a
detectable level. In PCR, an aqueous sample is heated close
to the boiling point and then cooled many times (40 times in
HANAA). Every time the DNA is heated, the two intertwined
strands of DNA unwind and come apart. As the sample cools
down, the DNA makes a copy of itself. Thus, at the end of
each cycle, the amount of DNA is doubled.

To detect the DNA in a sample, a synthesized DNA probe
tagged with a fluorescent dye is introduced into the sample
before it is inserted into the heater chamber. Each probe is
designed to attach to a specific organism, such as anthrax or
plague. Thus, the operator must have an idea of what sub-
stances might be involved. “The system doesn’t test for all
unknowns,” says Langlois. “A responder has to decide what
kinds of pathogens to test for ahead of time and set up the sys-
tem accordingly.” If that organism is present in the sample, the
probe attaches to its DNA, which is then amplified during the
PCR process, releasing the fluorescent tag. HANAA measures

Lawrence Livermore National Laboratory
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the sample’s fluorescence and the presence (or absence) of
the targeted organism.

One of the big breakthroughs for the handheld system
involved the design of a small silicon heater chamber for the
heating and cooling cycle, a concept developed at Livermore by
Allen Northrup, a former Laboratory scientist. “The commercial
thermocyclers used for standard laboratory tests are pretty big,
ranging from the size of a microwave oven to a large desk,”
notes Langlois. “A typical large thermocycler takes about 3 min-
utes to cycle through one heating and cooling cycle, so a com-
plete analysis requires 2 to 3 hours.” In the HANAA system, the
thermal cycling process occurs in tiny silicon heater chambers,
micromachined by Livermore’s Center for Microtechnology.
Each chamber has integrated heaters, cooling surfaces, and
windows through which detection takes place. Because of the
low thermal mass and integrated nature of the chambers, they
require little power and can be heated and cooled more quickly
than conventional units. The mini-chambers typically cycle
from about 55°C to 95°C and back to 55°C in about 30 seconds.

Using this technique, the HANAA system could, in princi-
ple, detect as few as 10 individual bacteria in one-hundredth of
a milliliter in less than 30 minutes. The system has the poten-
tial of saving many lives by saving time—anthrax, for example,
is highly treatable if detected early.

The Laboratory has a cooperative research and development
agreement for HANAA with Environmental Technologies
Group (ETG), a chemical and biological detector company and
subsidiary of Smith’s Industries, based in Baltimore,
Maryland. ETG expects to have a commercial version of
HANAA available early this year. Ron Koopman, special
projects manager for the Chemical and Biological National
Security Program at Livermore, notes that HANAA is
essentially ready to go at this critical juncture because of the
forward-thinking efforts begun in the previous decade. “A
number of people recognized the vulnerability of the country
to bioterrorism a long time ago,” he says. “In 1996, although
bioterrorism seemed far away and was something we hoped
would never happen, the Laboratory and members of the
defense community decided to invest in the research, just in
case. Thanks to that investment, we now have something to
put in the hands of people to protect us all, something that
can help during the current crisis and in the long run.”

A Bio “Smoke Detector”

Whereas HANAA can be hand-carried to sites at which
an attack is suspected to have happened, the APDS is sta-
tioned in one place for continuous monitoring and is
designed to work much like a smoke detector, but for
pathogens. When fully developed, the APDS could be placed
in a large area such as an airport, a stadium, or a conference
hall. The system will sample the air around the clock and
sound an alarm if pathogens are detected.

S&TR January/February 2002

“The important point here is that the system would be fully
automated,” stresses Langlois. “The system will collect and
prepare the samples, do the analysis, and interpret the results,
all without human assistance.”

Livermore is testing the second APDS prototype, which is
about the size and shape of a lectern or mailbox. The APDS-II
consists of an aerosol collector, a sample preparation sub-
system, and two subsystems for detecting and analyzing the
samples: one based on PCR and the other based on flow
cytometry, which uses antibodies to identify pathogens. “The
final system will double-test each sample to decrease the
likelihood of false positives and increase the reliability of
identification,” explains Langlois.

The aerosol collector, which was designed by Vern
Bergman and Don Masquelier at Livermore, gathers an air sam-
ple every 30 minutes—the length of time it takes to com-
plete a sample analysis. A built-in fan pulls in the air, which
passes through a glass tube containing water. The water traps
any particles in the air, and the resulting fluid is pumped to the
next stage for sample preparation and testing.

The flow-through PCR subsystem for the APDS includes a
Livermore-designed thermocycler—much like the thermocycler
in HANAA —along with a sequential injection analysis system.
This analysis system performs all the necessary PCR sample
preparation functions, such as mixing the sample with PCR
reagents, delivers the resulting liquid sample to the thermo-
cycler, and decontaminates the thermocycler chamber and fluid
delivery tubes to prepare for the next run.

The Autonomous
Pathogen
Detection System
is capable of con-
tinuous, automat-
ed, 24-hour moni-
toring for
pathogens, with
results reported
every 30 minutes.

Lawrence Livermore National Laboratory
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Biological Targets

Bg = Bacillus globigii simulates anthrax (bac-
terial spore)

Eh = Erwinia herbicola simulates plague (veg-

etative bacteria)

Results from the flow-cytometry subsystem of the Autonomous Pathogen Detection System (APDS) using seven color-coded “capture” beads
coated with antibodies specific to the target pathogens. The pathogens attach to their respective antibodies and then to more antibodies added to
the sample mixture that are labeled with fluorescent dyes. When the beads pass one by one through the flow cytometer’s laser beam, any bead
with labeled antibodies will fluoresce, and the APDS identifies the pathogens present, depending on the color of the capture bead.

For the flow-cytometry subsystem, small “capture” beads
that are 5 micrometers in diameter are coated with antibodies
specific to the target pathogens. The beads are color coded
according to which antibodies they hold. Once the pathogens
attach to their respective antibodies, more antibodies—those
labeled with a fluorescent dye—are added to the mix. A labeled
antibody will stick to its respective pathogen, creating a sort of
bead sandwich-antibody, pathogen, and labeled antibody. The
beads flow one by one through a flow cytometer, which illu-
minates each bead in turn with a laser beam. Any bead with
labeled antibodies will fluoresce. The system can then identify
which agents are present, depending on the color of the capture
bead. “Right now, we use seven bead types to detect four agents
simultaneously with controls,” says Langlois. The next step is
to increase the number of detectable pathogens to 20 or 30.
Ultimately, the researchers expect to be able to test for a hun-
dred pathogens simultaneously in a single assay.

Langlois and the APDS team hope that, within the next year
or two, the system will be ready to put in place wherever
needed. Ultimately, notes Langlois, numerous detector systems
could be linked together in a network connected to an emergency
response center to protect a complex of buildings or a city.

The Faster the Better

From handheld, immediate testing to autonomous and con-
tinuous testing, HANAA and APDS are two of many systems
Livermore is developing to help the nation fight bioterrorism.
With HANAA, emergency responders can get answers on the
scene in less than half an hour. With APDS, no human direc-
tion will be necessary, and the system will perform on its
own, completely self-contained, monitoring 24 hours a day, 7
days a week. “What ties these approaches together is the abil-
ity to analyze a sample quickly—within 30 minutes or less—
and do it on site,” concludes Langlois. “Getting the answer
quickly is important. In the case of a biological attack, the
sooner we know what bioagent we’re dealing with, the sooner
treatment can start for those affected. Systems such as these
have the potential for saving many lives.”

—Ann Parker

Key Words: anthrax, Autonomous Pathogen Detection System
(APDS), biodetectors, biological warfare agents, bioterrorism, DNA
analysis, flow cytometry, Handheld Advanced Nucleic Acid
Analyzer (HANAA), pathogens, polymerase chain reaction (PCR).

For further information contact Richard Langlois (925) 422-5616
(langlois1@Iinl.gov).
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this: a ballistic missile carrying a chemical or
biological agent is traveling fast toward its target—military
or otherwise. What are the implications of intercepting or
destroying that missile in the upper atmosphere?

Part of the answer to that question depends on knowing
what conditions would allow lethal amounts of the liquid
agent to reach the ground.

For instance, consider the chemical nerve agent VX, an
organophosphorous compound that disrupts the body’s
nervous system. Lethal doses—ingested, inhaled, or
absorbed through the skin—cause rapid death. It is estimated
that a lethal dose is contained in a 2- to 3-millimeter-size
drop. A warhead holding 400 kilograms of VX contains
about 62 million lethal doses. If the warhead were to reach
its target—say, a port or air base—it would saturate the target
and cause an “area denial,” that is, make the target site
unusable until cleaned up. But what if it were to be inter-
cepted tens of kilometers above the ground? What would
happen to the VX?

The extreme conditions experienced by a single liquid drop
during its reentry into the atmosphere lie in a regime for which
no experimental data exist. To better understand the physics of
what happens at these altitudes, physicist Glen Nakafuji, analyst
Roxana Greenman, professor Theo Theafanous of the University
of California (UC) at Santa Barbara, and research colleagues
are studying how liquid breaks up and evolves in rarefied (thin)
atmospheres.

To do so, they are using unique hydrodynamic and shock-
physics experiments coupled with advanced chemical-—kinetic
and hydrodynamics computer codes. The experiments and codes
simulate the supersonic, rarefied flow environments that reentering
droplets of a chemical agent would experience. Nakafuji is the prin-
cipal investigator for the project, which is funded by the Laboratory
Directed Research and Development (LDRD) Program.

Thin Atmospheres, High Velocities, Surface Tension
A number of complicated factors determine how a body of
liquid breaks up and how the individual drops or streamers

Series of photos showing “bag breakup” of a liquid drop, in which the round drop deforms into a shape resembling a bowler hat.

Lawrence Livermore National Laboratory
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break apart and shape and reshape themselves. The factors
include the pressure of the surrounding atmosphere, the veloci-
ty at which the liquid is traveling, and the physical properties of
the liquid. “At altitudes of tens of kilometers,” explains
Nakafuji, “the agent disperses and expands in an atmospheric
pressure that can be ten thousand times less than that at sea
level. Pieces of liquid float out, stretch, and tear in millisec-
onds, then fall in an‘expanding cloud into the atmosphere.”
From there, the mass of drops falls through the air, moving
at supersonic velocities through increasing atmospheric pres-
sure. “Originally,” notes Nakafuji, “people in the field theo-
rized that the liquid would aerosolize into droplets on the
order of 10 micrometers in diameter and disperse. Initial
experiments indicate that this may not be true.” So the ques-
tion remains open: Would a given liquid break up into these
small-size droplets or not?

“There’s a huge gap in experimental data for the behavior of
liquids in this sort of environment,” notes Nakafuji. “We know
how various liquids break up at sea level, where the atmosphere
is dense, and the air molecules—which can be represented as
individual particles—are constantly bouncing off each other,
pressing together, and acting more like a fluid than individual
particles.” However, higher up in the atmosphere, the mole-
cules are fewer and more widely dispersed, acting more like
individual particles at altitudes above 30 kilometers. “You add
to this the fact that the liquid agent is not in free fall but is expe-
riencing atmospheric drag, and the problem becomes very com-
plex,” notes Nakafuji. “Yet this is the situation we’re faced
with in examining the physics of droplet breakup.”

Of Weber Numbers and Bag Breakups

The physics of a liquid drop breaking up has much to do
with the nature of the fluid (its density and viscosity, for
instance) and the forces acting upon it. The ratio of external
aerodynamic force—which tends to pull the drop apart—to the
liquid’s surface tension—which tends to hold the drop togeth-
er—is a dimensionless quantity called the Weber number.
Drops of different Weber numbers break up in different ways.
Drops with higher Weber numbers (above 100) tend to have
more catastrophic breakup and result in smaller drops. At
very high altitudes, where external aerodynamic forces are
small, the Weber number remains relatively low, below 100.
When the team conducted experiments on drops with a range
of Weber numbers characteristic of high altitudes, interesting
findings emerged. For instance, drops 3 to 4 millimeters in
diameter tended to oscillate before breakup. For drops with
Weber numbers between 12 and 100, the experimenters observed
a phenomenon called “bag breakup,” in which a round drop
deforms into a shape resembling a bowler hat, with a flat rim

Liquid Dynamics at High Altitudes

and curved crown. As the drop falls, the bag portion, which
corresponds to the crown of the hat, oscillates in and out. When
the original drop disintegrates, large drops form from the rim,
and smaller ones form from the bag. “This happens in tens of
milliseconds—much slower than anyone expected,” says Nakafuji.
“Previously, it was observed that such bag breakup would
occur in hundreds of microseconds to 1 millisecond, tops.”

ALPHA Goes with the Flow
These experiments were conducted in the ALPHA facility,
a one-of-a-kind experimental system designed and built by the

(a) The ALPHA
facility is a one-
of-a-kind experi-

examine liquid

fragmentation.
(b) A diagram of
w 9 ' the vertical wind
High-spand . tunnel used to re-
e wabihie ngth Dl create a drop

upper layers of
the atmosphere.
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Livermore-UC Santa Barbara collaboration to examine liquid
fragmentation. The facility is essentially a large, vertical wind
tunnel, consisting of a cylinder about 3 meters long and

10 centimeters in diameter, that can be pumped down to pres-
sures of 10 to 30,000 pascals. The methodology for re-creat-
ing a drop falling through the upper layers of the atmosphere
is as follows. An injector releases liquid through a laser
beam. The drop breaks the beam, which makes it act like an
optical trigger and causes a diaphragm to burst. Air rushes up
the cylinder past the drop, in effect simulating the fall of the
drop through the atmosphere, and a high-speed camera
records the behavior of the drop. “We have the capability to
get air moving at velocities of Mach 5—about 1.5 kilometers
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per second,” says Nakafuji. The air flows past the drop at a
nearly constant velocity for about 200 milliseconds before its
speed begins to ebb, long enough to watch a drop fall, reverse
direction, rise, and then burst. This past spring, the group tested
a drop 1.5 centimeters in diameter—the largest drop yet test-
ed anywhere. “We don’t test actual agents,” Nakafuji empha-
sized. “We use glycerin and other kinds of fluid, and extrapo-
late to agents from there.”

Besides examining whether assumptions made at sea level
about the breakup of liquid hold true in rarefied environ-
ments, the team is also exploring the different break-up
modes and whether the dynamics of these modes differ from
the dynamics seen for bag breakup. The researchers’ efforts

Simulations with Livermore’s ALE3D code, which can predict the drag
on rigid spheres in subsonic and supersonic rarefied flows, validate a
surface-tension model, and test a deformable drop simulation.

Lawrence Livermore National Laboratory
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have been rewarded. They have documented dynamics that
have never before been seen or predicted. “For instance,
before the bag breaks, it oscillates at some frequency,”
explains Nakafuji. “What we saw for the first time—and
which no one had expected—is that after the drop turns and
begins to move upward, the oscillation frequency doubles.
We are now trying to understand this.”

Getting Details, Drop by Drop

Ultimately, the team would like to understand and be able
to predict the dynamics of specific liquid drops in any rarefied
environment. “We’d like to be able to calculate the onset of
breakup—when a drop will break up, the configuration the lig-
uid will take, which drops are stable, and which are not,” says
Nakafuji, adding, “We’ve definitely made strides in that direc-
tion, to the point where we can now accurately predict
whether a drop will break up under certain conditions.”

Liquid Dynamics at High Altitudes

The present goal is to obtain critical hydrodynamics and
chemical data to validate computer models of these simula-
tions. Working toward this end, the researchers have success-
fully used the Laboratory’s ALE3D code to predict the drag
on rigid spheres in subsonic and supersonic rarefied flows, val-
idate a surface-tension model, and test a deformable drop
simulation.

“Using experiments and simulations, we are pinpointing
the ranges of drop stability and getting a better handle on the
physics of liquid breakup,” explains Nakafuji. “In the final
analysis, we want to be able to predict the rarefied atmospher-
ic conditions under which a given chemical agent will break
up into lethal-sized stable droplets. This is a critical question,
one whose answer could affect us all.”

—Ann Parker

Key Words: ALE3D, ALPH facility, biological agent, chemical
agent, lethality, liquid breakup, nerve agent, rarefied atmosphere.

For further information contact Glen Nakafuji (925) 424-9787
(nakafuji1@Iinl.gov).
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Detecting large quantities of a biologi- iy
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“cal attack.

Physicist Chrlstme Or“:! col-
‘leagues in the Chemlstry an aterials
Science Directorate are hé!gpmé to
understand some of the fundamental
issues that underlie biodetection as well
as fulfilling other Laboratory goal&..

They are performing research at rgmnu‘b ;

scales in a field known as nanoscience,
which takes its name from nanometer, a
billionth of a meter. The team is examin-
1ﬁg;-01’1an atom-by-atom and molecule-
by-molecule basis, the organization of
materials on surfaces and learning how
that organization affects material proper-
ties. “One of the keys to working in
nanoscience is controlling the surface
and then being able to detect what is
there;” says ‘Orme.

At the nanoscale, experimental
results can be viewed only with the
most powerful imaging tools. The
atomic force microscope (AFM) has
been used since the mid 1980s to pro-
duce topographic maps of nanostruc-
tures. Today, Orme’s colleagues are
developing new microscopic tech-
niques based on use of the AFM that
give even higher resolution and sup-
ply more than just topographic data.
They are also refining the spectro-
scopic techniques that identify chemi-
cal bonds and supply fingerprints of
molecules:

:@ -

(2) Typical atomic force microscopy (AFM) tip and (b) nanotube tip. With the smaller nan-
otube tip, it is possible to obtain much more detailed information about a surface. AFM
images of titanium,grains obtained using (c) a typical AFM-tip.and (d) a nanotube tip.

The current research builds on pio-
neering Livermore work in crystal
growth and thin multilayers; both of
which depend on a keen understanding
of material behavior at the atomic level.
Livermore has a long-standing effort in
crystal growth and characterization,
born out of the need for large, ultrapure
crystals in Livermore’s lasers.
Multilayers—exceedingly thin alternat-
ing layers of materials—were first
demonstrated more'than' 50 years ago.
But improved fabrication technologies
developed by Livermore’s Troy Barbee
have prompted their use as highly
reflective mirrors for telescopes as well
as in/a variety of optical applications,
including electron microprobes, scanning
electron microscopes, and particle

Lawrence Livermore National Laboratory

beamlines in accelerators. (See S&TR,
December 1999, pp.11-13:)

Seeing Is Believing

In atomic force microscopy, an
extremely sharp tip senses the atomic
shape of a sample while a computer
records the path of the tip and slowly
builds'up a three-dimensional image.
The AFM tip is positioned at the end
of an extremely thin cantilever beam
and touches the sample with a force of
only 1/10 millionth of a gram, too
weak to budge even one atom.' As the
tip:is repelled by or attracted to the
sample surface, the cantilever beam
deflects. By imaging a larger or small-
er area, researchers can vary the level
of magnification of an AFM image.
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The AFM can also be adapted to sense a
range of forces including attractive or
repulsive interatomic forces, electrostat-
ic forces, and magnetic forces.

But even the sharp tip of the AFM is
sometimes not tiny enough for the small
scale at which the research team is
working. Physical chemist Aleksandr Noy
is growing carbon nanotubes that can be
used to replace the standard AFM tip. The
figure above compares a typical AFM
tip and a carbon nanotube tip. Carbon

_—
(@)

100.nanometers

One of the first images of DNA repair proteins bound to DNA.

nanotubes are built of carbon hexagons
that are arrayed in a configuration
resembling chicken wire. They are
1/50,000th of the width of a human hair
but a hundred times stronger than steel
at one-sixth the weight. Noy can make
many kinds of nanotubes—single wall,
multiwall, thick, thin, single isolated, or
large arrays. The smaller, lighter nan-
otube tip tracks the shape of an object
more accurately to provide more
detailed information about its surface.

Lawrence Livermore National Laboratory
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Noy used the nanotube-tipped AFM
to image the cucumber mosaic virus
and reveal its structure fairly clearly.
AFM images contain less information
than structures revealed through x-ray
diffraction techniques, but Noy’s image
was captured in minutes, whereas the
same structure took over a year to
resolve from diffraction data. “In princi-
ple, this technology could be used to
image a single virus,” says Noy.
“Emergency workers could compare its

Aleksandr Noy with the atomic force-confocal optical microscope.
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image with a computerized database of
known virus structures to identify it
very quickly.”

With the nanotube tip on the AFM, a
team led by Noy also obtained the first
unambiguous visualization of a DNA
repair protein bound to DNA. By incor-
porating a synthetic mutagenic mole-
cule into DNA and tagging a repair
protein with a fluorochrome, they will
be able to study the repair process
in situ.

Another imaging technique being
used by physicist Thomas Huser and
others is confocal microscopy. It is based
on a fluorescence microscope augment-
ed with a pinhole that limits the volume
being probed to get rid of extraneous
background “noise.” Its beam can
be focused to 500 nanometers. The
confocal microscope efficiently collects
fluorescence emitted from fluorescent
molecules that have been excited by
laser light. With this spectroscopic
technique, Huser has been able to
detect single molecules.

The confocal microscope is ideal for
studying conjugated polymers, a new
material that may be used to fabricate
the next generation of light-emitting
diodes (LEDs). Known as 2-methoxy,
5-(2’-ethyl-hexyloxy)-p-phenylene-viny-
lene, or MEH-PPV, the polymers are
composed of a chain of benzene rings
that emit light when linked by elec-
trodes to which voltage is applied. The
advantages of these polymers over the
inorganic semiconducting materials of
today’s LEDs are many: They are easi-
er to process on a large scale, they can
be used to create ultrathin and flexible
devices, and their power consumption
is lower. Last year’s Nobel Prize in
Chemistry was awarded for the devel-
opment of conjugated polymers.

Huser has learned that the physical
configuration of the MEH-PPV mole-
cules affects their fluorescence. “The
photoluminescence of conjugated poly-

mers depends strongly on how they are
shaped,” says Huser. When they fold up
into a well-organized pattern in toluene,
their shape enhances efficient energy
transfer within the molecule. As conju-
gated polymers begin to be used as
LEDs in electronics, some LED appli-
cations will take advantage of the high-
energy-transfer configuration while oth-
ers will benefit from the less ordered
pattern for low energy transfer.

In experiments, Huser exposed
MEH-PPYV to two solvents, toluene and
chloroform. In toluene, the MEH-PPV
molecules curl up tightly because, says
Huser, “they don’t like toluene. They
try to avoid it.” Spectrographic data
collected every 5 seconds show a slight
flicker as the molecules die off with

Nanoscience

exposure to oxygen and the light they
emit shifts from red to blue. In chloro-
form, the polymer spreads out. There is
no blue shift, the light spectrum is
broader, and the light intensity simply
decays slowly with time.

Huser recently began experiments
with the confocal microscope to exam-
ine the dynamics of single molecules
of DNA. Fluorescent labeling of DNA,
RNA, enzymes, and proteins is com-
mon laboratory practice to illuminate
the interactions and functions of these
important biomolecules.

At the same time, Noy has built a
whole new microscope system that
combines the topographic capabilities
of the AFM and the spectroscopy of
the confocal microscope. He will be

M FF Mo BB " W=
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The development of photoluminescence over time in the conjugated polymer MEH-PPV, a material
with multiple fluorophor segments on a chain. (a) MEH-PPV exposed to chloroform forms an open,
irregular coil (see inset) that leads to luminescence from multiple sites, hence the broad spectral
emission. (b) MEH-PPV exposed to toluene forms a tight coil (see inset) with strong overlap between
segments. In this conformation, only the segments with the lowest transition energy emit light. Thus,
the emission is narrow and more structured. Once all the red fluorophors are photodestructed, the
segments with the next lowest energy begin to emit light at slightly blue-shifted wavelengths.

Lawrence Livermore National Laboratory
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using this system to obtain even better
information about DNA repair as well
as new information on how DNA is
packaged.

Identifying a Single Molecule

Another tool for identifying molecular
species is Raman spectroscopy, a form
of light scattering similar to fluorescence.
Although Raman-scattered light is
much less intense than fluorescence, the
technique is a powerful analytical tool
because the changes in wavelength of
the weakly scattered light are character-
istic of the scattering material. Raman
spectroscopy can identify chemical
bonds and obtain the unique fingerprint
of a molecule. Every molecule has a
unique Raman spectrum, but not every
molecule fluoresces. Raman spectroscopy
is one of the few optical techniques
that can identify a molecular species
and determine its chemical bonding
by observing its distinct molecular
vibrational frequencies.

To increase the brightness and thus
the resolution of Raman-scattered light,

{a)

Huser has introduced nanometer-size
gold crystals to the tip of a scanning
probe microscope in a technique known
as surface-enhanced Raman spec-
troscopy. The gold is negatively
charged and attracts positively charged
materials such as amino acids to adhere
to kinks in the crystals. Electron density
waves radiate from the corners of the
gold crystals and increase the Raman
signal by a factor of a quadrillion. At
the same time, the scanning probe pro-
duces an image of the physical structure
of the sample. The combined data allow
for identification of single molecules.
Unlike fluorescence, which fades with
exposure to oxygen, the increased ener-
gy from the gold particles persists.
“Being able to characterize materials
and chemical bonds at the level of a
single molecule is a whole new capabili-
ty for Livermore,” says Huser. It is pos-
sible to perform Raman spectroscopy on
single DNA molecules or proteins and
to look for differences between individ-
ual cells. Using this technique, scien-
tists also can detect and identify the

Fruency,
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byproducts or precursors of chemical
agents such as the nerve gas sarin. This
capability is important in the develop-
ment of sensors for chemical warfare
agents.

Controlling Biomolecules

Some nanoscience projects require the
careful design of surfaces to collect and
organize atoms, molecules, nanocrystals,
colloids, cells, and spores. These surfaces
are known as templates or, as Noy
describes them, “landing pads” for tox-
ins, proteins, and other biomolecules.

Livermore is exploring several tech-
niques for creating templates. Physicist
Jim De Yoreo is developing one method
based on dip-pen nanolithography,
which dips the tip of the AFM into an
“inkwell” of organic molecules to
“write” on an inorganic surface. As the
tip moves across the surface, it makes a
pattern that has almost no topographic
relief but exhibits chemical contrast with
the surrounding region. It is even possi-
ble to create multiple ink patterns with
this method. The feature size is con-

1,000 1,50 1,400 1,000
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An example of the benefit of surface-enhanced Raman spectroscopy. (a) Confocal optical micrograph of 60-nanometer-diameter gold nanocrys-
tals loaded with just a few molecules of the laser dye rhodamine 6G. (b) Surface-enhanced Raman spectrum of one of the gold particles in (a) eas-
ily identifies the adsorbed rhodamine by its characteristic Raman signature.

Lawrence Livermore National Laboratory
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trolled by such factors as tip coverage,
humidity, and contact time with the sub-
strate, or, in the case of lines, tip speed
across the substrate. Examples of pat-
terns created using a gold-coated mica
surface for the substrate and 16-mercap-
tohexadecanoic acid for the ink are shown
in the figure at right. This method has
been used to deposit patterns of antibod-
ies that would attract toxins and virus-
es, a first step in the development of
nanostructured biosensors.

Another major area of research at
Livermore’s Biology and Biotechnology
Research Program (BBRP) and elsewhere
is in proteomics, the study of proteins.
Cells produce particular proteins either
all the time or as needed to prompt gene
expression, that is, to turn a specific part
of the genetic code on or off. Without pro-
teins, our DNA could not operate prop-
erly. One of the best ways to examine the
structure of a protein is to crystallize it
and then subject it to X rays to obtain its
unique diffraction pattern. During the
crystallization process, molecules come
together and separate (in a process known
as nucleation) until a critical size is
reached. Reaching that critical size can
take a long time, and sometimes it does
not happen at all. One goal of current
proteomics work is to speed up the
nucleation process and make it more
likely that proteins will crystallize.

Dip-pen lithography, using a chemical
that would prompt protein nucleation, is
an option. “But,” says Orme, “the size
scale is a challenge. Proteins are extremely
small, typically from 1 to 10 nanometers.”

“If we make the pen’s lines smaller,
they won’t be visible,” adds Noy. So he
and researchers in BBRP are developing
a fluorescent ink for drawing lines with
the density of a single molecule. In initial
tests, a single-molecule line of the human
chorionic gonadotropin (HCG) antibody
has been successfully drawn. The next
step will be to attract the HCG protein.

Nanolaminates, the next generation
of multilayers, are also being explored

as a way to accelerate the nucleation and
growth of ordered proteins. Nanolaminate
structures have been successfully synthe-
sized with layers that are the same
small size as typical proteins. The alter-
nating layers have different surface
charges, which prompt the proteins to
adsorb in ordered rows. In the example
shown in the top figure on p. 18, a
nanolaminate was dipped into a solution
of the protein ATCase. The nanolaminate
was then removed, rinsed, air-dried, and
imaged with AFM using a carbon nan-
otube tip. The resulting extremely high
resolution of the image makes nonspheri-
cal proteins individually distinguishable
on silica stripes. An image of the same
deposition onto a homogeneous silica sur-
face is very different, lacking any linear
order. This set of experiments was the
first step in accelerating nucleation and
growing protein crystals that are suitable
for x-ray diffraction.
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Mimicking Natural Growth

Nanoscience is finding another appli-
cation in the hands of Orme, De Yoreo,
and colleagues whose research on the
growth of calcite crystals sheds new
light on the formation of bones,
eggshells, and seashells.

The natural growth of organic crys-
tals is known as biomineralization.
Biomimetics is the term for mimicking
nature’s building methods to make a
synthetic material. “We can only learn to
make better bones and teeth if we first
understand how the materials grow and
interact with biological molecules,” says
Orme. “While there is a big step between
this fundamental research and synthesizing
materials that are truly similar to the real
thing, we are part of the process to create
better materials that affect health.”

Pure calcium carbonate in the mineral
form called calcite grows only in a sym-
metrical, six-sided rhombohedral-shape

(a) Schematic of dip-pen nanolithography technique. Friction force images of (b) logos,

(c) dots drawn on gold, and (d) colloid particles adsorbed preferentially on the dots. Features
are composed of 16-mercaptohexadecanoic acid. The lines are 40 to 50 nanometers wide.

Lawrence Livermore National Laboratory
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crystal. But that does not explain the process in detail, showing how amino amino acids in that it exhibits handed-
intricate shapes found in nature, such as acids work at the molecular level to ness, or chirality. As the researchers

that of seashells. Researchers have change a growing crystal. monitored crystal development, they
known for a long time that organic mol- In the experiments, the team added found that the left-handed and right-
ecules can influence the shape of a aspartate, one of the more abundant handed form of the molecule attached
growing mineral crystal by attaching amino acids found in the proteins of more strongly to opposite atomic steps.
themselves to it. But it took experiments shellfish, to calcite crystals growing in The results were crystals that were mir-
at Livermore to demonstrate the solution. Aspartate is typical of many ror images of one another. The figure

below illustrates how a chiral amino
acid influences a growing calcite crys-
tal. By knowing which steps the amino
acid interacted with and using the sym-
metry relations of the crystal and the
amino acids, the team was able to pre-
dict the binding position of the amino
acid to the calcium carbonate step.

tion on the silica surface Comparable experiments are just
lacks any linear order, but - beginning on calcium phosphate, the
(d) proteins adsorb to the ) : ' material used by animals to grow
nanolaminate in ordered bones. Ultimately, experimental results
rows, indicating the likeli- may be put to myriad uses, from poten-
hood of growing ordered tial laboratory growth of human and
protien crystals suitable animal bones to prevention of scale for-
for x-ray diffraction. mation in pipes to the manufacture of
toothpaste—any situation in which cal-
cium-based crystals grow naturally or
are used.

(a) A homogeneous silica
substrate and (b) a
nanolaminate of alumina
and silica were dipped
into a solution of the pro-
tein ATCase. Models
show that (c) the deposi-

The interaction of D-aspartic acid (D-Asp) with a calcite mineral surface. (a) Model illustrating the binding of Asp to a calcite step. (b) An atomic force
microscope image of calcite steps (0.32 nanometers high) in a solution containing D-Asp. The steps of pure calcite are rhombohedral, but when an
Asp-bearing solution is flowed into the fluid cell, the two lower steps interact with Asp and become curved. L-Asp binds more strongly to the left
step, and D-Asp binds more strongly to the right step. These differences were used to deduce the binding motif. (c) An electron microscopy image
of an approximately 10-micrometer-diameter calcite crystal nucleated on micropatterned, self-assembled monolayers in the presence of D-Asp. The
atomic step structure in (b) is reflected in each of the three caps. (d) Crystals nucleated in the presence of L-Asp are mirror images of those nucleated
with D-Asp.

Lawrence Livermore National Laboratory
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Fundamental Science at Work

A nanostructured device is also
finding its way into tests for the
Yucca Mountain project, the nation’s
candidate for a repository for long-
term storage of nuclear wastes. Tests
of corrosion-resistant materials are
being developed that use patterns
formed by “writing” with voltage rather
than with chemical inks. A voltage is
applied between the AFM tip and a
metal or semiconductor substrate to
grow oxide patterns under the tip. In
the figure below, an oxide greeting is
written into a titanium film. The dot on
the “i” is made larger and broader by
applying a higher voltage. If the
nanopatterns blur or dissolve during
testing, the change provides a very
sensitive indicator that the protective
oxide film is changing.

Atomic force microscope image

(0.7 micrometers by 0.7 micrometers) of
oxide grown on titanium using a voltage
applied between the tip of the atomic force
microscope and the substrate. (Image made
by Livermore summer student researchers
R. Sivamani and E. Bochner.)

This project is typical of so much
fundamental research performed at
Livermore. Using funding from the
Laboratory Directed Research and
Development (LDRD) Program, the
oxide templates were originally developed

' """-HI;.
Key Words: atomic force microscope
(AEM), biological sensors, biomineraliza-
tion, carbon nanotubes, chemical sensors,
confocal microscope, genomics, nanolami-
nates, proteomics, surface-enhanced Raman
spectroscopy.

For further information contact

to nucleate calcium phosphate minerals
and to control protein deposition onto
medical implants. Now, the Yucca
Mountain project is putting the template
to practical use. Much of the other
work at Livermore to grow and image
nanostructures also started as basic
research, funded either by LDRD or by
the Department of Energy’s Office of
Basic Energy Sciences, before finding a
range of applications—including sensors
that may someday be a lifesaver.
—Katie Walter

Christine Orme (925) 423-9509
(orme1@linl.gov).

About the Scientist

CHRISTINE ORME, a physicist in the Materials Science and
Technology Division of the Chemistry and Materials Science
Directorate, received a B.S. in physics from the University of
California at Berkeley. She joined the Laboratory as a postdoctoral
fellow after receiving her Ph.D. in physics from the University of
Michigan in 1995. Her background is in experimental physics in
the area of surface evolution and pattern formation during the
growth of thin films. In her thesis work, she combined imaging
with kinetic Monte Carlo simulations and continuum modeling to deduce diffusional
processes during vapor growth. At Livermore, she uses this background to study
crystal growth from solution (rather than from vapor). She is particularly interested
in the area of biomineralization where organic molecules substantially change the
shape of inorganic crystals; she wants to understand the formation of materials such
as shells, bones, and teeth. Recently, she has become interested in the use of electro-
chemical driving forces to control electrodeposition and corrosive processes, partic-
ularly in their application to biomedical implants and corrosion-resistant industrial
materials.
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Simulation-Aided Design
of Microfluidic Devices

ospltai patients, and monitoring air
" and water quality.
; ; For more than a decade, Lawrence
Mlcroscale instruments and process- Livermore researchers have been

ﬁlatur _*SYStéermo’w ﬂuids through ing are the future of medical research working on several aspects of
maze of microscopic channels and and the chemical and pharmaceutical microfluidic devices. The Laboratory’s
~ chambers that have been fabricated industries. Microfluidic devices hold Center for Microtechnology has more
with the same lithographic techniques the promise of a small analytical labo- than 30 experts in electronics, biolo-
used for microelectronics. ratory on a chip to identify, separate, gy, optics, and engineering who are
Microfluidic devices are fashioned and purify cells, biomolecules, toxins, developing microfluidic components
from silicon, glass, plastics, and ceram- and other materials. They would per- for transporting, sensing, separating,
ics into 2- or 3-square-centimeter slices form these tasks with greater speed,
with cover plates. In them, red blood sensitivity, efficiency, and affordability
cells, bacteria, biological macromole- than standard instruments.
cules (such as proteins and DNA), They might also be used in the

polystyrene beads (that bond to targeted
macromolecules), and other materials
can be manipulated in channels with



rmbrefr carchers i is developmg
cbmplex three-dimensional simula-
tion tool. The team consists of chemical
engineers David Clague and Elizabeth
Wheeler, postdoctoral mechanical engi-
neer Todd Weisgraber, and University
of California (UC) at Berkeley student
Gary Hon. In this work, they collabo-
rate with other Livermore researchers
from several disciplines as well as col-
leagues at universities. The team has
been funded for the past three years by
the Laboratory Directed Research and
Development (LDRD) Program through
Livermore’s Center for Computational
Engineering and, more recently, by the
Defense Advanced Research Projects
Agency (DARPA) of the Department
of Defense.

The team’s computer code has drawn
increasing interest because it provides
an accurate representation of the behav-
ior of suspended particles, especially
polystyrene beads and biological
macromolecules, as they travel inside a
microfluidic device. The simulation

In actual size, this microfluidic device designed by Livermore engineer Peter Krulevitch is
barely larger than a postage stamp.

capability incorporates into a single
numerical code complex channel
geometries and such parameters as fluid
flow rates, particle interactions, and
external forces. “We want to predict the
complex interplay of the forces
involved in microfluids to give designers
a way to accurately predict how beads,
cells, and macromolecules will behave,”
says team leader Clague.

Clague notes that suspended parti-
cles traveling within microscopic chan-
nels are subject to a number of physical
forces that influence their transport and
separation from each other and the
channel walls. The forces, such as sub-
tle electrical attractions and repulsions,
can be used to achieve the movement

Lawrence Livermore National Laboratory

“

and manipulation of suspended
particles in ways that would not
work in traditional bench-scale lab-
oratory instruments.

The Livermore simulation capa
bility provides a new tool to assist
microfluidic device designers who
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Microfluidics Simulations

want to engineer systems that will reli-
ably move, separate, concentrate, and
identify suspended particles of interest.
With effective simulation, the designers
can see the effects of design decisions
before they build a prototype. For
example, a designer may want to posi-
tion selected biological macromolecules
in the central region of a microchannel
for capture by an electric field and
therefore must determine what field
strength will be required. Or a designer
may want to see how restricting a chan-
nel with a tiny post might affect the
fluid flow rate and the mixing behavior
of particles as they are forced to
“slalom” around it.

The program uses a form of the
Boltzmann transport equation called the
lattice Boltzmann equation (LBE) to
represent the behavior of fluids and
suspended particles within microfluidic
devices. (Ludwig Boltzmann was an

Simulations can accu-
rately reflect a host of
physical forces that act
on suspended particles
flowing in a microfluidic
device that typically
measures 100
micrometers long,
wide, and high. These
forces, such as subtle
electrical attractions
and repulsions, are
typically of much less
importance in tradition-
al bench-scale labora-
tory instruments.

Austrian physicist whose greatest
achievement was the development of
statistical mechanics, which explains
how the microscopic constituents of
matter—atoms and their properties—
determine macroscopic properties such
as thermal conductivity or viscosity.)
In recent years, the LBE method has
gained popularity and usefulness in
simulating the flow of complex gases
and liquids. It is based on a statistical
description of the fluid on a cubic lat-
tice in which each lattice site represents
up to several thousand individual fluid
molecules.

In the team’s numerical model,
spheres represent polystyrene beads and
biological macromolecules within the
lattice. The spheres can be assigned dif-
ferent sizes, densities, and electrical
properties. Because of their size, the
spheres can occupy several lattice sites.
The code tracks the spheres as they

Lawrence Livermore National Laboratory
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move on the lattice and calculates the
extent to which the spheres interact
with each other, the channel walls, the
fluid, and external forces that may be
applied to manipulate them. The simu-
lation tracks the time evolution of both
the fluid and suspended spheres. The
algorithms (mathematical routines)
used by the program tend to be readily
applied, allowing calculations in a
straightforward manner and making it
easy to incorporate new forces.

A Natural for Parallel Computing

Because the LBE method is naturally
suited for parallel computing, the sim-
ulation capability is designed for large
computers, preferably supercomputers
that use tens to hundreds of micro-
processors together. Simulations repre-
senting time scales on the order of tens
of seconds of continuous suspension
require a few days of computer time.
The team uses several Livermore
machines for their simulations, including
the Compass Cluster and two massively
parallel supercomputers: Blue, the 740-
gigaops unclassified portion of Blue
Pacific, one of the Department of
Energy’s Accelerated Strategic
Computing Initiative supercomputers,
and the 680-gigaops TeraCluster2000.
(See S&TR, October 2001, pp. 4-10.)
The TeraCluster2000 is the preferred
computing platform; simulations on it
use up to 50 microprocessors working
simultaneously.

One important advantage of the code
is its flexibility. The simulated suspended
particles can be assigned different phys-
ical and electrical attributes, including
electrostatic forces that cause fluids
containing biological macromolecules to
act far less predictably than ideal
species, which would consist of hard,
inert spheres. External forces such as
gravity, alternating current, or direct
current can be simulated. These forces
can be turned on and off to isolate their
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specific effects on particle behavior.
Livermore engineer Peter Krulevitch, a
microfluidic device project leader, says
that until now, no program was capable
of simulating all the forces acting on
fluids containing particles. “The problem
has just been too complex,” he says.

The LBE method contrasts with tra-
ditional fluid modeling based on finite-
element analysis and boundary element
methods, which typically deal with pure
fluids. Results from the Livermore
code, however, can be handed off to
larger-scale computer-aided design sim-
ulation tools that use standard finite-
element analysis.

Mike Pocha, a Center for
Microtechnology section leader,
notes that device designers can build
prototype devices—a long and painstak-
ing process—and determine their capa-
bilities or, preferably, simulate them
first and then build a prototype guided
by the simulation results. Going from
concept to manufacturing a prototype is
increasingly more time-consuming and
expensive as microfluidic devices get
more complex, says Clague. “With a
more comprehensive simulation tool,
researchers will be better able to pre-
dict what will happen to the suspended
species in these complex microenvi-
ronments. Ultimately, such a capabili-
ty will speed the design effort and
reduce costs.”

The physics involved with the opera-
tion of microfluidic devices is complex
and varies, depending on the fluid, the
molecules suspended in the fluid, and
the extent, if any, of external fields. In
building the code, the team has steadily
added capabilities that more completely
represent the physical forces at work in
microfluidic devices. After every addi-
tion of a new feature, the team makes
sure the results are in excellent agree-
ment with existing theory and, where
possible, with published alternative
numerical methods.

LDRD Laid the Groundwork

One of the team’s first accomplish-
ments under LDRD funding was simu-
lating hydrodynamic forces acting on a
stationary sphere. These forces are
dependent on the velocity of the sus-
pending fluid and the proximity of the
suspended particles to channel walls.
The LBE method naturally takes into
account the entire spectrum of fluid
and particle behavior, including iner-
tial effects and hydrodynamic interac-
tions between suspended particles. In
other words, the simulations account
for the minute disturbances propagated
within a fluid by the particles that
“feel” each other’s presence and, as a
result, change their trajectories and the
properties of the fluid.

Microfluidics Simulations

The hydrodynamic forces, including
inertial effects, are particularly well
captured. The first is the drag force,
which is a result of the fluid exerting
a force on a suspended particle because
of differences in fluid and particle veloci-
ties. The second force is a lift force,
which is caused by small inertial effects
and gradients in fluid velocity. The lift
force is exerted perpendicular to the
flow, causing the species to migrate to
the center of the channel. Also coming
into play is a particle’s density, which
affects its buoyancy within a fluid and
the extent to which it can be lifted.

Fluids normally flow through
microfluidic channels without turbulence
so that suspended particles typically
mix only by diffusion. One of the key
parameters used to characterize fluid

Simulations using the lattice Boltzmann equation method are based on a cubic lattice, here with
dimensions of 40 by 100 by 100 micrometers. Spheres (in this example, measuring 5 micrometers
in diameter) represent polystyrene beads and biological macromolecules within the lattice. The
simulations track the spheres as they move on the lattice and calculate the extent to which they
interact with each other, the channel walls, the fluid, and the external forces that are used to manip-

ulate them.

Lawrence Livermore National Laboratory
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flow is the Reynolds number, which
defines flow conditions and measures
the relative importance of inertial effects
to viscous effects. Most fluid flow in
small channels occurs at a low (but finite)
Reynolds number. However, even at

‘SIMBIOSYS

The Livermore simulation work is part of
the Simbiosys (Simulation of Biomolecular
Microsystems) program administered by
the Defense Advanced Research Projects
Agency. The program funds the develop-
ment of advanced computational tools for
the BioFluidic Chips design effort.

small Reynolds numbers, researchers
have found that there are small lift
effects. The Livermore simulation capa-
bility takes into account these inertial
effects for predicting the extent of lift
as a function of Reynolds numbers.

The code also simulates the effects
on particles that are near channel walls.
Much like the effect of a boat’s wake,
the motions of molecules cause distur-
bances in the fluid that bounce off the
channel walls and reflect back on the
particles. Close to the walls, particles
experience forces retarding their
motion, and even closer to the walls,
they experience large resistive forces
known as lubricating forces.

Adding Real Effects

If the simulation is to be accurate, it
must also account for non-Newtonian
characteristics that are exhibited by
biofluids containing human cells, bacte-
ria, and biological macromolecules such
as proteins and DNA. These materials
do not behave like electrically neutral
and perfectly round spheres. Instead,
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they have widely varying shapes, den-
sities, and often electrical charges that
are asymmetrically distributed.

More importantly, these materials
tend to have elastic character, which
gives rise to unexpected effects.
Strands of DNA, for example, can be
long and gangly with a preferred, three-
dimensional shape that orients itself in
a particular manner to its neighbors. If
forced to travel through a narrow chan-
nel, the strands deform but then exert a
small force in an attempt to recover
their favored configuration, much like a
compressed spring reverts to its normal
shape. If there is a sufficient concentra-
tion of such strands, this restoring force
can have a profound effect on fluid
behavior.

Depending on their concentration,
particles interact with each other and
with the channel walls. Under certain
conditions, they can coagulate with
each other or stick to walls because of
van der Waals and electrostatic forces
(electrical attraction and repulsion
forces between species). The simula-

O ¥ | 1 4 ]

1
i I e R Ed
Hartaorial powllion, micromelars

(a) The simulation capability can be used to predict the extent of inertial lift as a function of the fluid’s Reynolds number. The lift force acts to push
suspended particles up or down toward the center of the channel. (b) Dielectrophoresis (DEP) is an efficient method for capturing selected parti-
cles in microfluidic devices. DEP electrodes (rectangles) generate nonuniform alternating current electric fields that induce electrical polarization
in biological macromolecules. The DEP forces overcome inertial lift forces to cause a selected particle to move toward the electrodes and to

remain there.

Lawrence Livermore National Laboratory
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tion team is incorporating these and
other forces associated with biological
macromolecules into the models,
including hydrophobic (water hating)
and hydrophilic (water loving) interac-
tions. Clague explains that some pro-
teins have hydrophobic regions that
cause the proteins to aggregate when
they are in close proximity to other pro-
teins; therefore, these unique forces
must be taken into account.

Last August, the team began work
for DARPA, the advanced research arm
of the Department of Defense and a
major backer of microfluidic technology.
One of DARPA’s goals is to develop
devices called BioFluidic Chips
(BioFlips) that will identify biological
macromolecules and microbes based on
certain electrical or chemical properties.
Soldiers would use BioFlips devices
both to detect chemical and biological
agents and to monitor their own general
health. (See the box on p. 10.) As part
of the microfluidic development
effort, a program called Simulation of
Biomolecular Microsystems (Simbiosys)
is funding the development of advanced
computational tools for the BioFlips
design effort. The Livermore team’s
simulation work is part of the
Simbiosys program.

Focus on Dielectrophoresis

The team’s work for DARPA builds
upon LDRD research, particularly with
regard to simulating the coupling of
hydrodynamic and dielectrophoretic
forces. Dielectrophoresis (DEP) is an
efficient and increasingly popular
method for separating molecules in
microflows. DEP electrodes generate
nonuniform, alternating current electric
fields that induce electrical polarization
in target species. On an absolute scale,
the force is quite small, but in microflu-
ids, the force can be quite effective in
manipulating and positioning biological
macromolecules with electrodes using
less than 10 volts. The degree of

induced polarization is dependent on
the electrical properties of the mole-
cule, the surrounding fluid, and the
magnitude and frequency of the applied
electric field.

“Different species typically have
their own unique dielectric response
fingerprint that can be exploited by
DEP,” says Clague. As a result, DEP
can be used to select from among a
number of different particles suspended
in the same fluid. The selected particle
will either be drawn toward or repelled
from the region of high field intensity
(toward or away from the DEP elec-

Microfluidics Simulations

trode located within a channel wall).
The first instance is referred to as posi-
tive DEP, and the second is referred to
as negative DEP.

DEP forces can be switched on and
off to selectively capture cells, bacteria,
spores, polystyrene beads, DNA, pro-
teins, and other matter. Once captured,
the molecules can be held in place or,
with the removal of the force, sent on
their way to a different location for
analysis. For example, DEP can be
used to selectively capture a suspected
pathogen. The pathogen would then be
shuttled to a different area where its

The Laboratory team is collaborating
with University of California
researchers at Berkeley and Davis
to simulate the transport of suspend-
ed particles in microneedles. These
simulations are helping to obtain a
better understanding of why particles
can stick together and plug
microneedles, as shown. (Photos
courtesy of Professor Dorian
Liepmann of the University of
California at Berkeley.)

Lawrence Livermore National Laboratory
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DNA would be extracted and analyzed.

The DEP simulation work involves
close collaboration with pathologist
Peter Gascoyne at the University of
Texas M.D. Anderson Cancer Center
in Houston, Texas. Gascoyne and his
colleagues, in a project sponsored by
DARPA, are developing an instrument
that uses DEP to separate cells and
identify them based on their dielectric
properties. A prototype has been used
on whole blood samples to separate

malignant cells from normal cells.

An important group of simulations is
focused on examining the interplay of
suspended particle concentration, flow
rates (and inertial lift effects), and DEP
forces with the effects from different
kinds of suspended particles.
Preliminary simulations show that the
hydrodynamic interactions between par-
ticles can screen and thwart DEP
forces; therefore, concentration effects
become very important. The suspended
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particles that are not screened
encounter a positive DEP force and are
pulled to the electrode surface, where
they are held motionless.

The team is continuing to enhance
the numerical model to investigate the
forces influencing DEP manipulation of
molecules suspended in flowing fluids.
One research avenue they are taking is
to give biological macromolecules more
realistic characteristics. For example, the
team has explored replacing the simulated

Monitoring the Health of Soldiers

(a) The Defense
Advanced Research
Projects Agency is
developing BioFluidic
Chips (BioFlips) that
are small enough to be
worn on an earlobe and
can identify biological
macromolecules based
on certain electrical or
chemical properties.

(b) A BioFlip uses an
array of microneedles
for continuous blood
monitoring. (c) Vie

of a microneedle ti

and (d) an array of
microneedles.

(Photo and figures
courtesy of

Professor

Rosemary -
Smith of the ST
University of =
California at

Davis.)

ey

The BioFluidic Chips (BioFlips) program of the Defense
Advanced Research Projects Agency (DARPA) is developing a
clinical lab on a chip. BioFlips would offer all the advantages of
microfluidic devices: miniaturized channels and reservoirs for
increased speed of reaction, increased sensitivity, reduced cost of
reagents, and reduced power consumption. The devices would be
capable of rapid detection of infections and chemical and biological
warfare agents, making possible potentially rapid treatment.
BioFlips would be worn directly on the skin, perhaps on the ear-
lobe for continuous blood monitoring through microneedles.

BioFlips would provide real-time, unobtrusive monitoring to
directly assess the health of defense personnel. A commander could
continuously monitor the status of troops—whether they are fatigued
or have been exposed to biological threats, including bacteria,
viruses, and toxins. The devices could monitor such entities as
white blood cells, antibodies, blood pH, and blood glucose.

BioFlips promise fast health assessment, from seconds to min-
utes, in contrast to laboratory blood cultures using traditional
methods that take hours or even days to process. If successful,
the technology could perhaps be extended to improve national
health care by unobtrusive and continuous monitoring of high-
risk patients.

BioFlips designers need powerful computational tools to guide
and speed their efforts. Hence, DARPA is sponsoring an allied
DARPA program called Simulation of Biomolecular Microsystems
(Simbiosys). The Simbiosys program recognizes that engineers
have limited understanding of biological molecules and biochemical
reactions and, furthermore, that biologists do not generally have
knowledge about key biochemical reaction rates and little knowl-
edge about the behavior of biological molecules in microscopic
channels. The goal is the creation of what DARPA managers are
terming the first “interface between biology and engineering.”
Effective simulation models will enable greater understanding of
the transport of biological materials at the micrometer scale to
enable better control and efficiency of the devices.

Lawrence Livermore National Laboratory
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spheres with more accurate bead-and-
spring representations of long-chain
polymers such as DNA fragments. Also
under development are representations
of cell properties unique to organelles
and membranes, which can significant-
ly influence the response. Finally, the
team is working on the inclusion of elec-
trostatic and van der Waals forces as
well as hydrophobic and hydrophilic
interactions.

The team has collaborated with UC
Berkeley researchers on developing
arrays of 50-micrometer-diameter nee-
dles. The goal is to deliver drugs more
efficiently, but interactions between par-
ticles cause the microneedles to become
clogged. The Livermore team’s simula-
tion work is targeted at obtaining a bet-
ter understanding of the problem. This
work complements a DARPA-funded
project at UC Davis, where researchers
are developing microneedle arrays for
drawing body fluids painlessly to moni-
tor soldiers’ health on the battlefield.

Clague expects the simulation pro-
gram to become increasingly useful as
applications for microfluidic devices
expand. By providing a tool that allows

microfluidic device designers to turn
the variety of physical forces at play on
and off, the team hopes to make possi-
ble the discovery of new ways to
manipulate suspended particles. Such
detailed and accurate simulations speed
the design and development of novel
microfluidic devices. As a result, the
simulation effort may well have an
important role in saving soldiers’ lives
and in developing new medical devices
that could help drive down national
health care costs.

—Arnie Heller

Key Words: BioFluidic Chips (BioFlips),
Center for Microtechnology, Defense
Advanced Research Projects Agency
(DARPA), dielectrophoresis (DEP), lattice
Boltzmann equation (LBE), microfluidic
devices, Reynolds number, Simulation of
Biomolecular Microsystems (Simbiosys).

For further information contact
David Clague (925) 424-9770
(claguei@linl.gov).
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Zeroing In on Genes

A LMOST every cell in the human body contains the same
set of genes. But not all of the genes are used, or
expressed, by those cells. For example, some processes that
are particular to cells in the liver are completely unused in
brain cells. Ever since genomic research began, scientists have
been searching the tangle of DNA for the expressed genes, the
ones that really matter.

If one thinks of the nucleus of a cell as a library, then the
chromosomes in the cell are bookshelves and the genes are the
books on each shelf. Almost every cell in an organism contains
the same libraries and the same sets of books. The books repre-
sent all of the information (the DNA) that every cell in the
body needs so that it can grow and carry out its various func-
tions. Two challenges complicate the process of locating our
genes: Not all of the genes are expressed in any one tissue, and
less than 10 percent of our DNA is actually used to make
genes. Only occasional passages in the library’s written material
are important.

A team at Livermore led by molecular biologist Allen
Christian has developed Gene Recovery Microdissection
(GRM), a process that can weed out the unexpressed genetic
material from a piece of DNA. With GRM, scientists can iso-
late all of the genes in a chromosomal region that are being

used by a specific tissue at any point in time. GRM can be
used for any plant or animal species. A variant of this method
can also be used to clone all of the DNA of any organism,
including bacteria, even those that cannot be cultured.

“It’s not always necessary to sequence the entire genome of
a species to locate its gene,” says Christian. “With GRM, we
can focus on particular regions of a genome that are of interest.”

Amplification Twice Does the Trick

The product of gene expression is messenger RNA
(ribonucleic acid), or mRNA. Typically, before work begins
to isolate expressed genes, the mRNA molecules are con-
verted into more stable complementary DNA molecules
called cDNA, which has exactly the same sequence as the
mRNA but is easier to handle in the laboratory. Then the
cDNA is combined on a microscope slide with chromosomes.
The cDNA molecules hybridize to the chromosome regions
corresponding to the genes of which their parent mRNA
is a product. Using tiny glass needles and microdissection,
scientists can isolate regions of the chromosomes of interest
and, with them, the hybridized cDNA molecules. Finally,
amplification by polymerase chain reaction (PCR) is used
to produce many copies of the molecules in preparation for
DNA sequencing.

The basic technique of using microdissection to isolate
genes has existed for about five years. But no commercially
available gene libraries have been generated because of inef-
ficiencies in the hybridization and subsequent PCR amplifi-
cation processes. Because genes are typically represented
only once in a chromosome, a maximum of one cDNA mol-
ecule will be present for each expressed gene following
microdissection. Successful hybridization, dissection, and
PCR amplification of a single molecule
is virtually impossible. Gene libraries made with this proce-
dure are too incomplete to be useful.

Developers of the award-winning
Gene Recovery Microdissection
process are (left to right) Matthew
Coleman, Allen Christian, and James
Tucker of Livermore’s Biology and
Biotechnology Research Program
Directorate.
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Livermore’s GRM process overcomes this inefficiency by
combining cytogenetics and genomics with chromosome
microdissection. CRM increases both the number of targets
available for cDNA hybridization and the total number of
cDNA molecules in each region following hybridization.

The trick is to perform PCR amplification in situ, on the slide
rather than in a tube, which is the conventional means. And it
occurs twice. First, prior to hybridization, random-primed PCR of
the chromosomes on the slide produces many copies of the target
DNA, significantly improving the chances of cDNA hybridization.
Second, following the hybridization, another PCR amplification
using primers specific for the ends of the cDNA molecules
increases the numbers of bound cDNA molecules. Instead of
isolating just one cDNA molecule per expressed gene in a
region, the GRM process recovers hundreds or even thousands
of cDNA molecules. This simple step makes possible the produc-
tion of highly useful chromosome-region-specific libraries.

GRM has other advantages. While cells generally contain only
one or two copies of a gene, some genes make thousands of copies
of mRNA and others make only a few copies. Finding mRNA
molecules with a low number of copies amid the “noise” of the
more numerous gene products can be difficult with conventional
methods of making cDNA libraries. But the hybridization step in
GRM results in a balanced library in which mRNA molecules
with high and low numbers of copies are equally represented.

Several companies offer processes that provide partial infor-
mation about gene expression and genomic location. But
no other single technique identifies both known and unknown
expressed genes and determines the part of the genome that reg-
ulates their expression. GRM makes possible in one process
what multiple processes could previously handle only in part, and
it does so cost effectively. Current estimates are that the costs
associated with GRM will be substantially less than those of tra-
ditional methods. The process is also significantly faster.

Benefits Abound

GRM was invented to allow researchers to identify cancer
genes in chromosomal regions for which no genomic informa-
tion existed. Initially, these were regions for which scientists
had good evidence of their importance in rat mammary cancer
but almost no other knowledge. To identify the genes expressed
in these regions, researchers needed a quick, simple, inexpen-
sive, and reliable method of identifying and characterizing both
new and previously known genes in chromosomes.

GRM focuses on data that current genomic sequencing
efforts do not provide, namely, information concerning the
expression of genes in specific regions of abnormal cells,
such as those found in cancerous tissue. “We are using GRM
to learn which genes are expressed in certain parts of chromo-
somes in cancer cells,” says Christian. “We can then compare
our data with data from the Human Genome Project and learn
how these particular cancer cells differ from normal cells.”

Gene Libraries R&D 100 Award

Chromosomes amplified by Gene Recovery Microdissection.
Amplification is by polymerase chain reaction and produces many copies
of stable complementary DNA molecules in preparation for sequencing.

GRM will be used to generate chromosome-specific
and chromosome-region-specific libraries of genes that are
expressed for any tissue, normal or diseased, of any organism
that can have its chromosomes spread on a microscope slide.
Once these libraries have been produced, they can easily
be placed on microarrays and made available to other investi-
gators for more detailed analyses, including gene expression
studies. GRM can thus be used to create a systematic approach
to identifying genes expressed in virtually every species of
interest to humans. This capability opens the door to sequenc-
ing many plant and animal species that might otherwise be
ignored because of the prohibitive cost of genomic analysis.
Agriculture, environmental sciences, and veterinary medicine
will all benefit.

GRM technology provides the preliminary step toward a
full genomic analysis of an organism, allowing time and
money to be saved during the full analysis. This invention
will enable scientists to identify genes that are expressed after
exposure to drugs, environmental chemicals, or radiation.
Toxicologists can study the reactions of cells and organisms
to chemical and radiation exposure, furthering basic under-
standing of the molecular mechanisms involved
in responses to adverse environments. Similarly, the pharma-
ceutical industry will be able to decipher biological respons-
es to drugs.

—Katie Walter

Key Words: Gene Recovery Microdissection (GRM), genomic
research, R&D 100 Award.

For further information contact Allen Christian (925) 424-5909
(christian4@linl.gov).
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Uncovering Bioterrorism

DNA-based signatures are needed to quickly and accurately identify

W ITH the end of the Cold War, the
threat of nuclear holocaust faded

but another threat emerged—attack by
terrorists or even nations using biological
agents such as bacteria, viruses, biologi-
cal toxins, and genetically altered organ-
isms. The former Soviet Union once had
a formidable biological weapons pro-
gram. Now, several countries and
extremist groups are believed to possess
or to be developing biological weapons
that could threaten urban populations,
destroy livestock, and wipe out crops.
Even terrorists with limited skills
and resources could make biological
weapons without much difficulty, says
Tony Carrano, Lawrence Livermore’s
associate director for Biology and
Biotechnology Research. “It’s not com-
plex, it’s not expensive, and you don’t
need a large facility.” For these rea-
sons, biological weapons have been
dubbed the poor man’s atomic bomb.
Contributing to the ease of making
and concealing biological weapons is
the dual-use nature of materials to pro-
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duce such weapons, because they

are found in many legitimate medical
research and agricultural activities as
well. CIA Director George Tenet
touched on this topic in Congressional
testimony in February when he noted
the overlap between manufacturing vac-
cines and producing biological
weapons.

The agents used in biological
weapons are difficult to detect and to
identify quickly and reliably. Yet, early
detection and identification are crucial
for minimizing their potentially cata-
strophic human and economic cost.
Lawrence Livermore scientists are par-
ticipating in the Department of
Energy’s program to improve response
capability to biological (as well as
chemical) attacks on the civilian popu-
lation.

A major part of DOE’s program is
developing better equipment, both fixed
and portable, to detect biological agents
(see S&TR, June 1998, pp. 4-11).
However, any detection system is

dependent on knowing the signatures
of organisms likely to be used in bio-
logical weapons. These signatures are
telltale bits of DNA unique to
pathogens (disease-causing microbes).
“Without proper signatures, medical
authorities could lose hours or days try-
ing to determine the cause of an out-
break, or they could be treating victims
with ineffective antibiotics,” says
Lawrence Livermore’s Bert Weinstein,
deputy associate director of Biology
and Biotechnology Research.

Because of the importance of bio-
logical signatures, DOE has launched a
biological foundations program as a
key thrust of its effort to improve
response. to terrorist attacks. The pro-
gram involves experts at the Lawrence
Livermore, Brookhaven,

Los Alamos, and Sandia national labo-
ratories, as well as colleges and univer-
sities. Researchers from the four
national laboratories get together at
least quarterly to share information and
yearly for a formal review of their
work. Weinstein reports that important
progress has been made since the pro-
gram began in early 1997, and new sig-
nature sets are being transferred to the
Centers for Disease Control and
Prevention and the DOE.

Lawrence Livermore National Laboratory

Virulence Detection

Over the next several years, DOE
scientific teams expect to produce
species-level signatures for all of the
most likely biological warfare
pathogens. The teams also expect to
have an initial set of species-level sig-
natures for likely agricultural
pathogens, because an attack on a
nation’s food supply could be just as
disruptive as an attack on the civilian
population.

Several Levels of Signatures

The teams also aim to develop
strain-level signatures for the top sus-
pected agents. Strains are a subset of a
species, and their DNA may differ by
about 0.1 percent within the species. A
species, in turn, is a member of a larger
related group (genus), and its DNA
may differ by a percent or so from that
of other members of the genus.

Characterizing pathogens at the
strain level requires significantly more
work than recognizing a species. But
strain-level signatures are essential for
determining the native origin of a
pathogen associated with an outbreak;
such information could help law
enforcement identify the group or
groups behind the attack.

The biological foundations work aims
to provide validated signatures useful to
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public health and law enforcement agen-
cies as well as classified signatures for
the national security community. In
developing these signatures, biological
foundation researchers are also shedding
light on poorly understood aspects of
biology, microbiology, and genetics,
such as immunology, evolution, and vir-
ulence. Increased knowledge in these
fields holds the promise of better med-
ical treatments, including new kinds of
vaccines.

The biological foundations work is
one element in DOE’s Chemical and
Biological Nonproliferation Program.
Livermore’s component of this work is
managed by its Nonproliferation,
Arms Control, and International
Security Directorate. Other compo-
nents of the overall program include
detection, modeling and prediction,

decontamination, and technology
demonstration projects.

Livermore researchers were among
the first to recognize, in the early
1990s, the tremendous potential of
detectors based on DNA signatures.
“We knew that a lot of work was neces-
sary to develop the signatures the new
detectors would need,” says Weinstein.
In particular, the researchers recognized
several pitfalls. For example, if signa-
tures are overly specific, they do not
identify all strains of the pathogen and
so can give a false-negative reading. On
the other hand, if signatures are based
on genes that are widely shared among
many different bacteria, they can give a
false-positive reading. As a result, sig-
natures must be able, for example, to
separate a nonpathogenic vaccine strain
from an infectious one.

S&TR May 2000

Several Levels of Identification

To enhance their detection develop-
ment effort, researchers are exploring
advanced methods that distinguish slight
differences in DNA. They are using the
multidisciplinary approach that charac-
terizes Livermore research programs. In
this case, DNA signature development
involves a team of microbiologists,
molecular biologists, biochemists,
geneticists, and computer experts. In
addition, the Livermore work benefits
from collaborations with experts world-
wide, extensive experience with DNA
sequencing, and affiliation with DOE’s
Joint Genome Institute (see S&TR, April
2000, pp. 4-11).

Much of the work is focused on
screening the two to five million bases
that comprise a typical microbial
genome to design unique DNA markers
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This phylogenetic tree is a simple representation of the bacterial king-
dom. All human bacterial pathogens belong to the Gram-positive (red)
or Proteobacteria (magenta) divisions. The other divisions consist of
nonpathogenic bacteria associated with diverse environments.
Biological signatures must be able to differentiate infectious bacteria
from hundreds of thousands of harmless ones. Each genus of bacte-
ria has many species, and each species can have thousands of differ-
ent strains.

DNA signature development involves a multidisciplinary team of micro-
biologists, molecular biologists, biochemists, geneticists, and computer
experts. Here, biomedical scientists Peter Agron and Lyndsay
Radnedge are performing suppressive subtractive hybridization to dis-
tinguish DNA of various species of virulent organisms.

Lawrence Livermore National Laboratory
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that will identify the microbe. The prosecute attackers. The present typi- Biological foundations program sci-
markers, called primer pairs, typically cal time lag for results is currently a entists have worked with DOE and other
contain about 30 base segments and few weeks, and the goal is to reduce agencies to assemble a list of natural
bracket specific regions of DNA that that to a few days. pathogens most likely to be used in a

are a few hundred bases long. The
bracketed regions are replicated many

thousands of times with a detector that Al b ke
uses polymerase chain reaction (PCR) . + Mas fow Shoet regions (3 3% Wial)
. & Dreriers oty | Be pmfcgan

technology. Then they are processed to S
unambiguously identify and character- * Ol | ab varkin i {ebsins]
ize the organism of interest. - Bz Talee negates

Weinstein notes that different signa- ¥ I ety for Viulatoo

ill be needed for different level TR

tures wi ' e needed for different 'eye S i v, &
of resolution. For example, authorities & Toedis T Ayt roeseli it

trying to characterize an unknown mate- » Frowides radursdisigy
rial or respond to a suspected act of

bioterrorism will begin with fairly sim-

ple signatures that flag potentially harm- ‘ :
ful pathogens within a few minutes. E
Typically, such a signature would ‘%

encompass one or two primer pairs and
be sufficient for identification at the
genus level (Yersinia or Bacillus, for
example) or below.

A signature in the next level of reso-

lution is needed for unambiguously Bacterial chromosomes (DNA) form loops, unlike human chromosomes which form strands. In
identifying a pathogen at the species the loop, between two to five million bases of bacterial DNA are screened to locate unique
level (Yersinia pestis, for example). This regions (circled), which are marked with primer pairs. The marked regions are amplified thou-
signature involves about 10 primer sands of times using polymerase chain reaction technology and then processed to identify and
pairs. Currently, it takes several days to characterize an organism.

obtain conclusive data for a species-
level signature. The goal is to reduce
that time to less than 30 minutes.

The third signature level is used in
pathogen characterization, identifying any
features that could affect medical
response (for example, harmless vaccine
materials versus highly virulent or antibi-
otic resistance pathogens). This signature
level involves some 20 to 30 primer pairs.
Together, the primer pairs offer a certain-
ty of correct identification. Currently, pro-
viding such a high level of confidence
requires several days; the goal again is to i
reduce the time to less than 30 minutes. £ anmlysis

The final signature level, intended
primarily for law enforcement use, will

permit detailed identification of a spe- Different levels of signature complexity provide different problem resolutions. A simple signa-
cific strain of a pathogen (for example, ture, involving only one or two unique DNA marker regions, provides genus-level identification.
Yersinia pestis KIM) and correlate that Signatures for species- and strain-level identifications involve more marker regions and take
strain with other forensic evidence. longer to process, but provide more detail and accuracy. Law enforcement uses require signa-
Such data will help to identify and tures that provide strain-level identification.
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domestic attack. The list includes bacte-
ria, viruses, and other classes of threats,
such as agricultural pathogens. Two
extremely virulent pathogens head the
list: B. anthracis and Y. pestis, which
cause anthrax and plague in humans,
respectively. Bacillus anthracis has few
detectable differences among its strains,

Two extremely virulent organisms head the
list of pathogens most likely to be used by
terrorists: B. anthracis (top) and Y. pestis
(bottom), which cause anthrax and plague in
humans, respectively.

whereas Y. pestis strains can vary con-
siderably in genetic makeup. Unraveling
the significant differences between the
two organisms will give national labora-
tory researchers experience vital for fac-
ing the challenges of the next few years,
as they develop signatures for a wide
spectrum of microbes.

Livermore Focuses on Plague
Research has been divided and is
carefully coordinated among laborato-

ries to avoid duplication. Livermore
researchers are focusing on Y. pestis,
Francisella tularensis (a bacterium
causing a plaguelike illness in
humans), and several other microbes
that threaten human and animal
health. They are working in collabora-
tion with the U.S. Army Medical
Research Institute of Infectious
Diseases, the Centers for Disease
Control and Prevention, the California
Department of Health Services,
Louisiana State University, Michigan
State University, and research centers
in France, China, and Russia. “We

S&TR May 2000

want to be prepared for the most like-
ly pathogens from throughout the
world,” says Weinstein.

Eleven species and many thousands
of strains belong to the Yersinia genus.
The most notorious species, Y. pestis,
causes bubonic plague and is usually
fatal unless treated quickly with antibi-
otics. The disease is transmitted by
rodents and their fleas to humans and
other animals. Although rare in the
U.S., cases are still reported in the
Southwest.

Livermore researcher Emilio Garcia
notes that the seemingly subtle DNA
differences among many Yersinia
species mask important differences.
One species causes gastroenteritis,
another is often fatal, and a third is
virtually harmless; yet all have very
similar genetic makeup. Garcia’s team
is using a technique called insertion-
sequence-based fingerprinting to
understand these slight genetic differ-
ences. Insertion sequences are mobile
sections of DNA that replicate on their
own. Analyzing for their presence will

Biological Warfare Has a Long History

The use of biological agents as weapons is not a new phenomenon, Lawrence
Livermore’s Tony Carrano points out. The Romans, for example, used corpses of dis-
eased animals to poison the drinking wells of their enemies. During the horrific Black
Death of the Middle Ages, the bodies of bubonic plague victims were catapulted over

fortress walls of besieged cities.

During the French and Indian wars, 1754-1763, the British gave smallpox-infested
blankets as gifts to the Indians because of their suspected alliance with the French.
During World War II, Germany and Japan produced bacteria capable of infecting

humans.

Biological attacks in the United States have been few and isolated. One occurred in
1984, when followers of Baghwan Shree Rajneesh poisoned several salad bars in
Oregon with salmonella bacteria. In Europe, terrorist groups in Germany began produc-
ing botulinum toxin. In the late 1980s in Japan, the Aum Shinrikyo cult acquired anthrax
bacteria and botulinum toxin and attempted to collect samples of Ebola virus.

Following the 1991 Persian Gulf War, United Nations inspectors revealed the vast
scope of Iraq’s biological arsenal. Iraq was found to possess more than 150 bombs and
25 missile warheads filled with botulinum toxin, anthrax, or aflatoxin. What’s more,
Iraq had built sophisticated laboratories to study and produce a wide range of biological

agents and toxins.

Lawrence Livermore National Laboratory
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not only help refine signatures for Y.
pestis but also shed light on how
microorganisms evolve into strains
that produce lethal toxins. This under-
standing, in turn, should give ammuni-
tion to researchers seeking an antidote
or vaccine.

Garcia’s team is collaborating with
other world-renowned research centers
to better understand the genetic differ-
ences among species and strains.

A collaboration with France’s Pasteur
Institute is comparing the genetic com-
plement of Y. pestis with another mem-
ber of the Yersinia group (pseudotuber-
culosis) that causes an intestinal dis-
ease. “They are closely related, and yet
they cause such different diseases,”
Garcia says.

mvom

vrar.

Better and Faster, with More
Uses

Livermore scientists are using a
number of methods that allow more
rapid identification and characterization
of unique segments of DNA. Each
method has advantages and drawbacks,
with some more applicable to one
organism than another. Weinstein
expects that within two years, the
Livermore team will have settled on a
handful of techniques as the workhors-
es of signature generation.

In addition to the insertion sequence
method, another promising technique is
called suppressive subtractive
hybridization. The method takes an
organism and its near neighbor,
hybridizes the DNA from both, and

Virulence Detection

determines the fragments not in com-
mon as the basis of a signature. A team
headed by Lawrence Livermore bio-
medical scientist Gary Andersen is
working with colleagues at Moscow
State University in Russia to advance
the technique; one goal is to simultane-
ously analyze 96 strains of DNA.
Andersen’s team has used suppres-
sive subtractive hybridization to distin-
guish the DNA of Y. pestis from that of
Y. pseudotuberculosis. The team has
also used the technique to aid
California’s poultry industry by provid-
ing a handy way to detect Salmonella
enteritidis. This bacterium can cause
illness if eggs are eaten raw or under-
cooked. Subtractive hybridization
results have been so successful that the

Insertion sequences are repeated sections of DNA whose location in the chromosome varies between different strains.

Analyzing for their presence provides information about the type and biological function of a strain. The table at above left

shows differences in the insertion sequence “fingerprints” of Y. pestis strains associated with the last three plague out-
breaks. Red and blue rectangles indicate fragment shifts and changes from strain to strain. Some of these differences are
graphically represented in the three strains of Y. pestis diagrammed at above right. For example, a fragment found in
Orientalis is absent from Medievalis, and a fragment in Antiqua has shifted and become shorter than what it was in

Medievalis.

Lawrence Livermore National Laboratory
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signature can now be used to distin-
guish between subtypes of salmonella
bacterium.

In addition to the DNA-based
pathogen detection methods,
researchers are developing detection
capabilities using antibodies that can
tag a pathogen by attaching to a molec-
ular-level physical feature of the organ-

ism. Antibody assays are likely to play
an important role in pathogen detection
because they are generally fast and easy
to use (commercial home-use medical
tests use this form of assay).

Biological foundation researchers
are working to improve these detection
methods as well. For example, a collab-
oration with the Saratov Anti-Plague

)(2
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A Lawrence Livermore team has aided California’s poultry industry with a biological signature to
detect Salmonella enteritidis, a bacterium that can cause illness if eggs are eaten raw or under-
cooked. The signature can distinguish between subtypes of the bacterium and their different

pathways to humans and other hosts.
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Russia’s Saratov Anti-Plague Institute is an important collaborator with Livermore in elucidating
the subtle genetic differences among strains of Y. pestis. Above are some of the strains isolat-

ed by the institute.

Lawrence Livermore National Laboratory
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Institute in Russia is studying a bacte-
riophage (bacteria-killing virus) that
only attacks Y. pestis and none of its
cousins. Researchers recently discov-
ered that the virus produces a unique
protein component to attach to the bac-
terium cell wall at a certain site and
gain entry. Garcia says that recognizing
the distinct site could form the basis of
a foolproof antibody signature. “If it’s
possible to achieve it with Y. pestis, we
may be able to do it with other
pathogens,” he adds.

Sensing Virulence

As more information about
pathogens and their disease mecha-
nisms becomes available and as genetic
engineering tools to transplant genes
become cheaper and simpler to use, the
threat of genetically engineered
pathogens increases. Biodetectors must
be able to sense the virulence signatures
of genetically engineered pathogens, or
they will be blind to an entire class of
threats. “Our ultimate objective is to
identify several specific virulence fac-
tors that might be used in engineered
biological warfare organisms so that we
can detect these engineered organisms
and break their virulence pathway,”
says Weinstein.

One key factor useful for detecting
engineered organisms is an antibiotic
resistance gene. When transplanted
into an infectious microbe, the gene
could greatly increase the effective-
ness of a biological attack and compli-
cate medical response. Some antibiotic
resistance genes are widely shared
among bacteria and are easily trans-
ferred with elementary molecular biol-
ogy methods. In fact, a standard
biotechnology research technique is
introducing antibiotic resistance genes
into bacteria as an indicator of suc-
cessful cloning. “We need to be able
to rapidly recognize such genes so that
the medical response is appropriate,”
says Weinstein.
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Another telltale indication of genet-
ic tampering is the presence of viru-
lence genes in a microbe that should
not contain them. Virulence genes are
often involved in producing toxins or
molecules that cause harm or that sim-
ply evade a host’s defense. “If a series
of genes is made available to perform
their functions at the right time, they
could cause real damage,” says
Lawrence Livermore molecular geneti-
cist Paula McCready. If interfering
with the action of one of these genes
or its proteins interrupts the virulence
pathway, the disease process can be
halted. Identifying and characterizing
important virulence genes and deter-
mining their detailed molecular struc-
ture will greatly aid the development
of vaccines, drugs, and other medical
treatments.

As an example, Y. pestis disables
the immune system in humans by
injecting proteins into macrophages,
one of the body’s key defenders
against bacterial attack. Because the
protein acts as an immunosuppressant
to disable the macrophage, understand-
ing its structure not only would help
scientists fashion a drug that physically
blocks the protein but also would shed
light on autoimmune diseases such as
arthritis and asthma. A Lawrence
Livermore team led by Rod Balhorn is
working to determine the three-dimen-
sional shapes of toxins such as the one
produced by Y. pestis (see S&TR, April
1999, pp. 4-9).

Virulence Genes in Common

Virulence genes spread naturally
among pathogens and thus are also
found in unrelated microbial species.
Therefore, virulence genes alone are
not sufficient for species-specific DNA-
based detection. “We have to differenti-
ate the virulence genes in natural
organisms from engineered organisms,”
says Garcia.

Livermore researchers are using
different methods for differentiating
virulence genes from among the thou-
sands of genes comprising the
genomes of pathogens. One technique
looks for genes that “switch on” (start
making proteins) at the internal tem-
peratures of mammals. For example,
Livermore scientists are studying
genes of Y. pestis that become much
more active at 37°C. It seems a safe
bet that many of these genes are asso-
ciated with the bacterium multiplying
within a warm-blooded host.

In 1998, a Lawrence Livermore
team made an important contribution to
understanding the genetics of Y. pestis.
They sequenced the three plasmids
(bits of DNA located outside the

Lawrence Livermore National Laboratory
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microorganism’s circular chromosome)
that contain most of the virulence
genes required for full development of
the bubonic plague in animals and
humans. Plasmids sometimes transfer
their genes to neighboring bacteria in
what is called lateral evolution.
(Antibiotic resistance genes are also
located on plasmids.)

Garcia, who led the plasmid
sequencing team, says that studying
virulence genes can shed light on how
new strains develop. The Y. pestis
strain that causes bubonic plague, for
example, may have evolved some
20,000 years ago. Such understanding
is relevant to HIV, which may not have
become infectious for humans until the
20th century.

As a way of identify-
ing virulence genes,
Livermore
researchers look for
bacterial genes that
produce proteins

at the internal tem-
peratures of mam-
mals (37°C). Four
such genes (katY,
lerV, YopE, and
YopH) in Y. pestis
become much more
active over a 6-hour
period at 37°C.
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Working with End Users

McCready notes that there needs to
be a strong relationship between devel-
opment of biological signatures and
detection technologies and their end
uses. Livermore researchers work with
agencies that will be using signatures
from Livermore and Los Alamos for
both handheld detectors and field labo-
ratories. “We want to make sure our
tools get to the experts and agencies
that need them,” she says.

McCready is working closely with
colleagues at the Bioterrorism Rapid
Response and Advanced Technology
Laboratory of the federal Centers for
Disease Control and Prevention.
Livermore is collaborating with the
CDC to make diagnostic tools available

to regional public health agencies and
thus create a national mechanism for
responding quickly to bioterrorism
threats. Currently, many health agen-
cies use detection methods that are not
sufficiently sensitive, selective, or fast.
For example, one culture test for detect-
ing anthrax takes two days. Major dam-
age and even death may have occurred
in that time.

McCready emphasizes that DNA sig-
natures will be thoroughly validated
before being released, because their use
might lead to evacuations of subways,
airports, or sporting events, and such
evacuations cannot be undertaken light-
ly. As part of the validation effort,
Livermore scientists are characterizing
natural microbial backgrounds to make
sure that the signatures are accurate

Lawrence Livermore National Laboratory

S&TR May 2000

under actual conditions. To that end,
researchers are collecting background
microbial samples in air, water, and soil,
as well as in human blood, urine, and
saliva. McCready points out that

B. anthracis is related to B.
thruginensis, a naturally occurring
harmless microbe that lives in dirt and
can give a false positive reading to
anthrax if the signature used is not ade-
quately specific. The characterization
effort is being aided by a device called
the Gene Chip. Manufactured by
Affymetrix Inc. and using technology
developed by Livermore, the device
simultaneously monitors the expression
of thousands of genes.

Livermore researchers are looking
ahead to a time when their efforts will
have helped to equip federal and state
agencies with a robust set of biological
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signatures crucial for America’s response
to any biological warfare threat. Equally
important, the researchers envision a
strong mechanism linking biomedical
scientists with public health and law
enforcement officials to develop new sig-
natures speedily and cost-effectively to
stay several steps ahead of terrorists.
—Arnie Heller

Key Words: anthrax, bacteriophage, bio-
logical signatures, biological weapons,
Centers for Disease Control and Prevention
(CDC), DNA, Gene Chip, plague, plasmids,
virulence.

For further information, contact
Bert Weinstein, (925) 422-5352
(weinstein2@linl.gov).
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liaison for BBRP with the DOE Joint Genome Institute in Walnut Creek,
California. At the Laboratory since 1974, he has held both research and leadership
positions in four major programs: inertial confinement fusion, nuclear design, intel-
ligence and national security, and the biology and biotechnology research program.
He also served as a member of the Science Council for the Department of Energy’s
Office of Nonproliferation and National Security (now the Office of Defense
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£ It’s no ﬂuke. An exper iment THE short history of accelerator mass
. spectrometry (AMS) for biomedical
that can track 35 micr ograms research at Livermore has been sweet
: i indeed. Just 10 years ago, Livermore
of folic acid through a human scientists first used AMS
HoE i . to determine how low doses of a sus-
= f or 200 days IS routine f or pected carcinogen affect the DNA
i of mice. A remarkably sensitive meas-
Livermore’s Center f or uring technique, AMS can seek out one

carbon-14 isotope from among a
quadrillion other carbon atoms. It
achieved a tenfold improvement in
detecting damaged DNA over the best
methods then available, thus enabling
studies to be conducted directly with
humans. Ever since, Livermore has been
expanding the development
of AMS for biomedical and pharmaceu-
tical applications and is today a recog-
nized leader in the field. (See box on p.
14 for information on how AMS works.)
Livermore researchers are continu-
ing to study the effects of carcinogens
on humans and animals. Perhaps not
surprisingly, they have discovered that
humans and animals metabolize these
substances differently, with resulting
differences in the way DNA is affected.
AMS is being used in collaborations
with researchers from around the world
to begin to solve many challenges in
biomedicine—from examining the way
we metabolize vitamins to developing a
new cancer diagnostic test. AMS has
even proved invaluable for learning
how pesticides move through ant
colonies from workers to the queen.
When Livermore proposed that the
National Institutes of Health (NIH)
establish a National Research
Resource for AMS at Livermore,
University of California (UC) and
Department of Energy scientists pro-
vided key testimony to demonstrate
the value of AMS. Along with all the
carbon-14. From left: John Knezovich, other evidence, their testimony must
Bruce Buchholz, Graham Bench, Ken Turteltaub, John have been persuasive. Last November,
Vogel, Lawrence Livermore joined an elite
Ted Ognibene, and Mark Roberts. Missing from the group is Karen Dingley. group of research facilities when NIH

Accelerator Mass Spectrometry.

Members of Livermore's core biological
" AMS team stand in front of the new, small
spectrometer (also seen in the larger photo)
dedicated to biological studies using

Lawrence Livermore National Laboratory
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from Counting Small

awarded the five-year grant. There are
other NIH Research Resource facili-
ties for various types of mass spec-
trometry, but this is the first for AMS.
An NIH review of Livermore’s pro-
posal had this to say:

An overwhelming case was made for
the need for an AMS resource and a
number of outstanding collaborative
projects have already been initiated. . . .
At the present time, the LLNL Resource
is clearly the most advanced site in

the U.S. to explore the use of AMS in
biomedical research.

Chemist John Knezovich, director
of Livermore’s Center for Accelerator
Mass Spectrometry (CAMS), is pleased
with progress to date. “CAMS is
unique in this country in concentrating
on biological AMS. Beyond integrating
the Laboratory’s scientific expertise in
both AMS and biomedical research,
CAMS provides a major facility that
is enabling research projects from all
over the world.”
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He adds, “A big plus is that in addi-
tion to the large, multipurpose AMS
machine that we’ve had for years, a
much smaller one will soon come on
line that is dedicated to biological
studies using carbon-14. And, we have
begun to use yet another new spec-
trometer for biological samples that
have been tagged with tritium, a new
tracer element for AMS. On top of
that, we have added a heavy-isotope
line to our large AMS machine for
studies of plutonium.” (See box on
p. 17 for more information on AMS
equipment at Livermore.)

An important aspect of Livermore’s
work to date has been in establishing
AMS as a routine biomedical research
tool. An AMS experiment no longer
requires a large and expensive staff of
physicists and technicians. Livermore sci-
entists have led the technological
advances necessary to make AMS a more
effective, dependable, and economic tool
for the biomedical, pharmaceutical, chem-
ical, and clinical communities (see also
S&TR, November 1997, pp. 4-11).

Accelerator Mass Spectrometry

Established in 1989, CAMS was
designed to diagnose the fission prod-
ucts
of atomic tests; monitor the spread of
nuclear weapons to other countries by
detecting telltale radioisotopes in air,
water, and soil samples; and use isotopic
tracers to study climate and geologic
records. It still does all these things
today—and much, much more.

Sensitivity Is the Key

So what is the value of AMS to
you and me? AMS is an ideal method
for tracing the passage of chemicals
through humans without disturbing
normal metabolic processes. Perhaps
researchers want to know how the
human body metabolizes a drug or
vitamin. The molecules of the sub-
stance are manipulated slightly to
“tag” them with a radioactive isotope,
typically carbon-14, though other
radioisotopes may be used as well.
Rare radioisotopes of elements found
in organic materials are used as tracers
because they can be incorporated
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A single dose of carbon-14-tagged folic acid was traced for 200 days. (a) The tagged folic acid appears very quickly in plasma (the liquid part of

blood) and tapers off in about two days. (b) The amounts of tagged folate being eliminated in feces and urine were followed for 40 days. (c) Folate
begins to be incorporated into hemoglobin at day 5. (Hemoglobin is the iron-containing, oxygen-carrying molecule in red blood cells.) The level of
folate in hemoglobin peaks at about the 30th day and disappears only after 200 days.
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into biomolecules and because

they are present naturally at low lev-
els, so tagged molecules can be detect-
ed easily.

A collection of human subjects
swallows or otherwise ingests the sub-
stance. Then, using AMS to measure
the number of carbon-14 atoms in sam-

ples of urine, feces, saliva, or blood
over the next hours, days, and weeks,
researchers can trace how much of the
substance is absorbed, how it travels
through the body, what organs it
affects, how much of it is lost through
excretion, and so on. The first experi-
ment to trace the vitamin folic acid in a

S&TR July/August 2000

human followed a single dose of just 35

micrograms for a remarkable 200 days.
Information this detailed has

never before been available using

healthy human subjects. Less

sensitive measuring techniques,

such as scintillation counting, require

ingesting large doses of both the

Accelerator Mass Spectrometry at Livermore

Livermore’s Center for Accelerator
Mass Spectrometry (CAMS) is home to
the most versatile and productive AMS
facility in the world. AMS is an excep-
tionally sensitive technique for measuring
concentrations of isotopes in small sam-
ples, typically less than 1 milligram, and
the relative abundance of isotopes at low
levels. It can, for example, find one car-
bon-14 isotope among a quadrillion other
carbon atoms.

Mass spectrometry has been used
since early in the 1900s to study the
chemical makeup of substances. A sample
is put into a mass spectrometer, which
ionizes it and analyzes the motion of the
various ions in an electric field to sort
them out by their mass-to-charge ratios.
The basic principle is that isotopes of dif-
ferent masses move differently in a given
electromagnetic field.

In accelerator mass spectrometry, the
same principle applies but the process is
different. Negative ions made in an ion
source are accelerated in a field of mil-
lions of volts. The accelerated ions smash
through a thin carbon foil or gas that
destroys all molecular species. After pass-
ing through a high-energy mass spectrom-
eter and various filters, the ions finally
slow to a stop in a gas ionization detector.
(See the layout at right of the large AMS
machine at Livermore.) The identity of
individual ions can be determined from
how the ions slow down. For example,
carbon-14 slows down more slowly than
nitrogen-14, so those ions of the same
mass can be distinguished from one
another. Once the charges are determined,
the detector can tell to which element
each ion belongs and counts the desired

isotope as a ratio of a more abundant iso-
tope—carbon-14 as a ratio
of carbon-13, for example.

The two “tricks” that make AMS work
so well are the molecular dissociation
process that occurs in the accelerator and
the ion detection at the end. The resulting
sensitivity is typically a million times
greater than that of conventional isotopic
detection.

For biological studies, AMS has been
used primarily for counting carbon-14
because carbon is present in most mole-
cules of biological interest and
carbon-14 is relatively rare in the bios-
phere. Tritium (hydrogen-3) has also been
used extensively as a tracer in biological
research. The use of tritium in AMS is new
and holds great promise, because many

High-energy

;-lmmw 186 mmbers

than with carbon-14. Other isotopes are
measured by AMS as well, including plu-
tonium-239, calcium-41, beryllium-10,
chlorine-36, and iodine-129.

All over the world, AMS is still used
primarily to count carbon-14 in archaeo-
logical and geologic samples for dating
purposes. In the 1980s, it replaced the tra-
ditional method of scintillation counting
for precise radiocarbon dating, which was
time-consuming and required relatively
large samples. Livermore performs radio-
carbon dating and many other forms of
AMS 24 hours a day, 7 days a week for
its own research and collaborations as
well as for others on a fee-for-service

basis.
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chemical being studied and the
radioisotope, something few people
want to do. Sometimes, such studies
are done with volunteers. Usually,
however, scientists have used animals
for their research. Then considerable
extrapolating has been required: from
large doses to small doses and from
laboratory animals to humans.

Now researchers can use much
smaller, more realistic doses on human
subjects. They can measure the
true effects of a typical dose of,
say, vitamin A or aspirin. AMS, the
only method that can trace these low
doses over such long time periods,
has been described as the most signifi-
cant new tool for nutritional studies
since the 1930s.

And the amount of radioactivity
taken in with the chemical being stud-
ied is less than one would encounter
during a single day’s exposure to
background ionizing radiation from
walking around in
the sunshine. (Cosmic rays contain a
small amount of radioactivity that we
are exposed to every day.) An airplane
flight exposes us to far more ionizing
radiation than participation in one of
these experiments.

Biochemist Ken Turteltaub, one of
the developers of AMS for biological
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applications, is sold on the process.

He says, “With accelerator mass spec-
trometry, we can address problems that
cannot be solved otherwise.”

Grant Recognizes Achievement

The Livermore team spent five
years building and demonstrating the
capabilities that led to the NIH grant
to Livermore. Today, Turteltaub is the
grant’s principal investigator, assisted
by fellow biochemist Karen Dingley
and a team of CAMS scientists. As an
NIH Research Resource for biological
AMS, Livermore is charged with pro-
viding biological researchers through-
out the country with access to carbon-
14 AMS analysis in their research,
developing new methods and instru-
mentation for the use of AMS in bio-
medical research, demonstrating new
applications, and educating the bio-
medical research community on AMS.
All of these functions have been under
way at Livermore for many years,
which makes award of the grant partic-
ularly gratifying as recognition
of a job well done.

All NIH Research Resource grants
focus on collaborative work in order to
educate the biosciences community. For
this grant, Turteltaub and his cohorts
are working to expand support for the
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use of AMS and to export its use to as
many researchers as possible.

In work that is just beginning, they
are also developing new experimental
methods so that AMS can be applied
to as many types of biological research
as possible. They are developing the
sample preparation and analytical
methods necessary to reduce handling,
automate processes, and increase sam-
ple throughput. The team will explore
new spectrometer components that
allow the direct interface of bioanalyti-
cal instrumentation to the spectrometer
for simplified, rapid, on-line analysis.
Finally, further development of the
small carbon-14 spectrometer will help
to bring AMS machines to more bio-
analytical laboratories.

Measuring Damage to Molecules
Turteltaub, Dingley, and other
researchers at Livermore are already
involved in several collaborations with
researchers in the U.S. and England
to examine the effects of substances
produced by cooking meat. Both
2-amino-1-methyl-6-phenylimidazo
[4,5-blpyridine (PhIP) and 2-amino-
3,8-dimethylimidazo[4,5-flquinoxaline
(MelQx) are heterocyclic aromatic
amines that have been shown to cause
cancer in laboratory animals when
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Taking a 1-hour plane trip exposes a person to 5,000 times more ionizing radiation than participating in an accelerator mass spectrometry study of
a drug or toxin. Everyone on Earth takes in about 2.5 millisieverts of radiation every year. (A sievert is a Systeme International [SI] unit for radiation
dose. It is equal to 8.38 roentgens. One microsievert is one millionth of a sievert and a nanosievert is one billionth of a sievert.)

Lawrence Livermore National Laboratory
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administered at high doses. The team has
used AMS to establish whether DNA
and protein adducts (damage) can be
detected in laboratory animals and
humans when they take in a smaller,
more typical dietary amount of these
substances.
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In numerous experiments using car-
bon-14-tagged PhIP and MelQx mole-
cules, the team has confirmed not only
that adducts can be detected at low
doses, but also that humans may be
more sensitive to these substances than
mice or rats. These results are impor-
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Rodents and humans exhibit significantly different responses to high and low doses of
MelQx, a chemical that appears in meat after it is cooked. MelQx causes damage to DNA

known as adducts.

Three “pools” of carbon-14-
tagged beta carotene can be
identified from blood, urine, and a6
feces collected for 3 months
after ingestion. The first peak is
due to carotene metabolizing to
retinol in the intestine, from
where it is quickly excreted. The
largest pool in plasma reaches
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tant because researchers in the fields
of toxicology, pharmacology, and
nutrition currently make two basic
assumptions: that data obtained from
high-dose experiments can be accurate-
ly extrapolated to more typical environ-
mental levels and that animal models
are valid. While all the data are not yet
in on the veracity of either assumption,
AMS provides the sensitivity and preci-
sion needed to address each of them
thoroughly.

Dingley performed the first AMS
experiments using biomolecules
labeled with tritium (hydrogen-3). With
tritium-labeled PhIP and carbon-14-
labeled MelQx, she found comparable
sensitivities at low doses. (The lowest
doses were equivalent to the amount of
PhIP you would take in when eating a
single well-cooked hamburger.) These
experiments demonstrated the feasibili-
ty of using tritium AMS for biomed-
ical studies as well as the feasibility of
using both tracers in experiments to
study how two substances, given at
once, may affect each other.

Tritium is widely used in biological
tracing and has some advantages over
carbon-14. It is relatively easy to label
a molecule with tritium, whereas car-
bon-14-labeled molecules must be cus-
tom synthesized, which can be expen-
sive. While the use of detection tech-
niques other than AMS requires rela-
tively high tritium dosages and large
samples, AMS eliminates those disad-
vantages. In fact, Livermore’s experi-
ments have demonstrated that AMS
could be used to detect tritium
in biological samples with a 100- to
1,000-fold improvement over scintilla-
tion and other decay counting tech-
niques.

From Ants to Elephants

AMS is ideal for measuring
extremely small samples, certainly the
case when ants are the subject of study.
CAMS worked with UC Riverside to
follow the path of carbon-14-tagged
food and insecticides through colonies
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Research Opportunities Grow with New and Better Equipment

A continuing thrust of the Center for Accelerator Mass
Spectrometry (CAMS) at Livermore has been the development
and application of new AMS technologies as well as the
improvement of existing ones. Three entirely new systems for
measuring carbon-14, tritium (hydrogen-3), and plutonium-239
have come on line in recent weeks and months. Tweaking of the
15-meter-long, multipurpose AMS unit, in place since the incep-
tion of CAMS in 1989, never stops. After 11 years of develop-
ment, the unit’s cesium ion source is the most powerful in the
world. Sample preparation methods and experimental protocols
evolve and are standardized as Livermore’s capabilities grow and
as the demands of the biological research community expand.
The focus now is to robotize the sample preparation process as
much as possible.

For several years, researchers at Livermore have been working
to develop a smaller, less expensive spectrometer dedicated to car-
bon-14 biological research. Biological AMS experiments can be run
more quickly than most other AMS applications such as radiocar-
bon dating. A dedicated bioresearch unit would free the larger
machine for other AMS work.

Testing for the first such small unit began in June (see photo
on p. 12). One-tenth the size of the larger machine, the small
spectrometer will provide higher throughput for biological sam-
ples. It also will serve as a testbed for new sample preparation
and delivery technologies.

John Knezovich, director of CAMS, says, “These smaller
units are just beginning to appear. Livermore is one of four insti-
tutions in the world using one. Now, virtually every AMS unit,
of whatever size, is custom-built. But when they have been
developed to the point where the cost for one is below $1 mil-
lion, then we can expect to see a proliferation of small AMS
machines operating in universities and pharmaceutical compa-
nies, making significant scientific advances.”

Livermore’s new tritium system (below left) is the result
of a collaboration with AccSys Technology of Pleasanton,
California, and was funded by a National Institutes of
Health/National Cancer Institute Small Business Innovation
Research grant. The system was specifically designed to be
small, simple, and inexpensive, making the technique of tritium
AMS more broadly accessible.

Physicist Mark Roberts was primarily responsible for the sys-
tem’s design and for bringing it on line. Biochemist Karen
Dingley, who performed the first AMS experiments using
tritium as a biological tracer, has been developing experimental
methods, including sample preparation and handling protocols.
One of the system’s first uses is in experiments to improve cur-
rent methods to measure the rate at which cells divide. Cancer is
a disease in which cells divide uncontrollably. Researchers want
to know if exposure to cancer-causing chemicals results
in an increased rate of cell division before a tumor appears.
Normally, experiments such as this would require large doses
of toxic chemicals or radioactive isotopes. With AMS, only a
very small amount of tritium in drinking water does the trick.
Then, the tritium in newly synthesized DNA can be measured.
The level of tritium incorporation in DNA indicates the approxi-
mate rate at which new cells are synthesized and thus
the rate of cell division.

Physicist Jeff McAnich has led the development of a new
heavy-isotope spectrometer (below right) that makes it easier to
run plutonium samples on a routine basis. The initial focus of
this work is the measurement of plutonium concentrations and
isotope ratios in urine bioassays of Marshall Islanders who are
being resettled to Bikini Atoll and other islands used in the
1950s for weapons testing. The unit will be able to measure plu-
tonium-239/240 as well as plutonium-241. Other heavy isotopes
such as neptunium-237 may also be studied in the future.

Livermore’s Center for Accelerator Mass Spectrometry has developed specialized spectrometers for tritium (photo at left ), heavy isotopes
such as plutonium (photo at right), and carbon-14 (see p. 12), in addition to its large, multipurpose machine.

Lawrence Livermore National Laboratory
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of Argentine ants housed at the univer-
sity. Once native to Brazil and
Argentina, the Argentine ant is now the
most prevalent pest around homes in
California, the Caribbean, the
Mediterranean, and South Africa.

No available control strategy works
effectively because each colony is
home to several queens, any of which
can regenerate the colony if other
queens are destroyed. Learning how
nutrients make their way to the queens
is essential to finding an effective con-
trol method.

(a) The level of
atrazine, an herbi-

Work on nutrient dynamics was part
of the largest AMS collaboration in
place before the new NIH Research
Resource was established. It involves
CAMS and four UC campuses. Several
campus—Ilab collaborations are ongo-
ing at Livermore and other laboratories
managed by UC, and the UC Office of
the President has described this one as
the most successful of all. Livermore’s
principal investigator for the
Consortium for Ultra-Low-Level
Tracing is physicist John Vogel, assist-
ed by Bruce Buchholz, who was
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trained as a nuclear engineer.

Vogel has been involved with CAMS
from the start and has been responsible
for many of the technological advances
that have helped to establish AMS as an
increasingly routine biomedical research
tool. His work with UC Davis on nutri-
tional studies has earned him
the rank of adjunct full professor of
nutrition. “One never knows where
a career will go,” he chuckles.

The CAMS-UC Davis experiment
that followed a single dose of folic acid
for 200 days was no fluke. Many over-
the-counter products that we take with
barely a thought stay in our bodies for
a remarkably long time. A similar
experiment followed a single dose of
beta carotene in blood, urine, and feces
samples for 3 months. The three pri-
mary “pools” of beta carotene or
retinol, the vitamin A that beta carotene
metabolizes to, are clearly visible, first
in the intestine, then in blood plasma,
and finally in a circulating form with a
38-day half-life. The existence and
equivalence of the slowly changing
pool that starts 9 days after dosing
would be undetectable without AMS.

Metabolic studies of vitamins and
other nutrients are of more than passing
academic interest. At present, little is
known about vitamin metabolism
except that it seems to vary widely
among individuals. Folic acid, one of
the B vitamins, is required for the pro-
duction of red blood cells, DNA, and
RNA. A deficiency can cause anemia
and is related to heart disease and cer-
tain birth defects. A deficiency in beta
carotene can cause blindness, a serious
problem in less developed parts of the
world. In fact, a new variety of carroty-
orange “‘golden” rice, rich in beta
carotene, has recently been developed
in Switzerland for use in undeveloped
countries.

Dr. Andy Clifford, professor of
nutrition at UC Davis, has headed
all of this important nutrient metabo-
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In 1998, a University of California at
Riverside doctoral candidate won the
annual award given by the
International Journal of Mass
Spectrometry and lon Processes for
best student paper. Her fundamental
work in protein chemistry netted her a
trip to Amsterdam as well as a cash
prize. She could not have won without
Livermore's biological AMS facilities
because her subject, nematodes, sup-
plied only the smallest of samples.

lism work with CAMS. As a result of
his research to date, he has been
awarded follow-on grants from NIH to
conduct definitive AMS studies in
humans. His experiments are now
under way using healthy human vol-
unteers aged 18 to 60.

CAMS researchers are working
with clinicians at UC San Diego to
develop a diagnostic technique sensi-
tive enough to detect the growth pro-
tein that cancerous tumors produce.
Most of this protein stays at the site of
the tumor, but a very small amount
leaks out into the blood. Different
kinds of tumors—ovarian, prostate,
breast, liver, and so on—produce
slightly different kinds of growth pro-
teins. A blood test that could detect the
protein would be an effective tool for
an early diagnosis. The test could also
be used to determine whether follow-up
treatment was working; ideally, the
protein level would drop to zero over
time.

Yet another current study is of very
large animals—elephants—but small
samples. A hormone imbalance in bull
elephants can produce raging behavior
known as musth. The only way to
obtain a sample from an enraged ele-
phant is from its feces. But most of that
is undigested fiber, leaving researchers

with little usable material from which
to measure the carbon-14-tagged hor-
mone precursors that the elephant has
ingested. AMS comes to the rescue
again.

Science in Revolution

For all this work to date, biological
AMS is still very new. Knezovich
acknowledges this, saying, “We at
Livermore are still doing lots of mis-
sionary work, educating the research
community about this powerful tech-
nology. But the NIH grant makes clear
that the biological research community
is convinced of the worth of AMS.”

Livermore’s AMS experts are part
of an apparent revolution in which biol-
ogy may be replacing physics as the
haute discipline. Research in bio-
sciences now accounts for more than
40 percent of federal funding for basic
research, fueled in part by an aging
population and increased needs for
health care.

As the use of AMS for biological
research grows and matures, related
applications will quickly be found.
CAMS has already participated in a
study of the effects of atrazine, a com-
monly used herbicide, on a group of
volunteers in California who wore
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a skin patch of atrazine for 24 hours.
Radioactivity in their urine was too
low to be counted efficiently with lig-
uid scintillation counting. But with
AMS, uptake and elimination could
be followed easily. Samples were even
chromatographically separated to
determine how the subjects metabo-
lized the compound during exposure, a
day after exposure, and several days
after exposure. These biomarkers pro-
vide the data needed

to develop an assay for occupational
exposure to this chemical.

From agriculture to nutrition, from
toxicology to chemotherapy—the
potential uses of AMS for our better
health are almost endless.

—Katie Walter

Key Words: biomedical research, carbon-
14, Center for Accelerator Mass
Spectrometry (CAMS), Marshall Islands,
MelQx, National Institutes of Health (NIH),
nutrition, pesticides, PhIP, plutonium,
radioisotope tracing, tritium.

For further information contact
John Knezovich (925) 422-0925 (kne-
zovich1@linl.gov).
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" Reducing the Threat
of Biological Weapons

Livermore’s strategy for defense against the use of biologi-

cal weapons integrates technology, operations, and policy

and provides a framework for coordinated local, state, and
federal emergency response.

“W EAPONS of mass destruction”

is a terrifying term. We all have
mental images of the horrors of a
nuclear attack, and photos of Kurdish
and Iranian casualties of Iraqi chemical
attacks attest to the devastation of
chemical weapons. The third weapon
of mass destruction—the biological
weapon—has been around at least
since the Middle Ages when soldiers
catapulted the bodies of dead smallpox
victims over fortress walls in the hope
of infecting their enemies or at least
demoralizing them.

Lately, biological weapons have
been appearing in the news with
increasing frequency. The anthrax
threat in Las Vegas in February of this
year is an example. Surplus stores in
Las Vegas sold out of gas masks, and
talk-radio shows were swamped with
callers asking about evacuation points.
That threat turned out to be a false
alarm, but the next one might be real.

Biological agents are of concern in
part because of the ease with which
many of them can be manufactured,
transported, and dispensed. And
because of the lag time between a bio-
logical attack and the appearance of
symptoms in those exposed, biological
weapons could be devastating. Many
biological agents are contagious, and
during this lag time, infected persons
could continue to spread the disease,
further increasing its reach. Hundreds

S&TR June 1998

or even thousands of people could
become sick or die if a biological
attack were to occur in a major metro-
politan area.

With the knowledge that several
nations have produced and perhaps also
deployed biological warfare agents,
Congress in 1996 passed the Defense
Against Weapons of Mass Destruction
Act, which authorizes the Department
of Energy to establish a Chemical and
Biological Weapons Nonproliferation
Program. Under this and similar pro-
grams, Lawrence Livermore and other
laboratories and institutions are work-
ing together to increase this country’s
capabilities to detect and respond to an
attack by biological or chemical
weapons.

Beginning as recently as Fiscal Year
1996 with a Laboratory Directed
Research and Development strategic ini-
tiative, Livermore has rapidly expanded
its chemical and biological nonprolifera-
tion program and is now playing a lead
role in this effort, particularly as it per-
tains to defense against biological
weapons. The Laboratory is applying its
investment in biological science, engi-
neering, microtechnology, computer
modeling, systems analysis, and atmos-
pheric science to a number of programs
designed to improve the country’s
response to a biological attack. Personnel
from departments and directorates across
the Laboratory are at work on:

e Advanced detection systems to provide
early warning, identify populations at
risk and contaminated areas, and facili-
tate prompt treatment.

e Biological forensics technologies to
identify the agent, its geographical ori-
gin, and/or the initial source of infection.
e Methods for predicting the transport
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of biological agents in urban enyiron-
ments and for assessing the area and
duration of the hazards associated with
a biological attack.

e New decontamination technologies to
clean and restore facilities without
causing further environmental damage.

Livermore is working closely with
the U.S. military, various government
agencies, and such major cities as New
York City and Los Angeles to ensure
that the results of these biological non-
proliferation efforts meet the needs of
military troops, the FBI, local law
enforcement personnel, fire fighters,
public health officials, and others who
would likely be first on the scene fol-
lowing a biological attack. Together
these groups are answering questions to
help create the best, most task-appropri-
ate, and most usable system possible.
For example, how accurate do sensors
have to be? What level of false alarms
can be tolerated? Where will sensors be
located—in buildings, on emergency
response personnel, or at other sites?
How much training will be feasible for
emergency response personnel on the
use of sensors and decontamination
agents—that is, how user-friendly must
these processes be?

Livermore is developing a strategy
for defense against the use of biological
weapons that integrates technology,
operations, and policy and provides a
framework for coordinated local, state,
and federal emergency response.

Better Detection Systems

A key factor limiting the nation’s
ability to protect against a biological
attack has been the state of biodetector
technology. Only now is technology
becoming available that permits identifi-
cation of biological organisms within
minutes, when concentrations are low
but often still dangerous. Before the rev-
olutions in genomics, biotechnology,
microengineering, and microcomputers,
such identification could only be done in

Figure 1. Ray Mariella, Jr., working with a
multichambered PCR (polymerase chain reac-
tion) unit. In the 1997 Advanced Concept
Technology Demonstration, this PCR instru-
ment proved an effective tool for field identifi-
cation of the DNA in nonvirulent bioagent sim-
ulants.

a laboratory and took days to weeks.
Soon, however, technology advances—
many of them made at Lawrence
Livermore—will offer the possibility of
rapid, accurate, and sensitive biodetectors
for use in battlefield or urban settings.

Automation Is Key

Livermore is developing two types
of fully automated biodetectors for real-
time sample collection, detection, and
identification in the field. A miniature
flow cytometer (known as miniFlo)
uses an immunoassay system to look at
the proteins and other material on the
surface of cells, and a portable PCR
(polymerase chain reaction) unit identi-
fies the DNA inside the cell. (See the
box on p. 6 for more information on
these systems.) Because of their small
size and efficiency, both units process
data much faster than their laboratory-
scale cousins, while maintaining the
highest level of sensitivity.

To fully automate sample collection
and preparation, Livermore is develop-
ing and testing components for an
aerosol biocollector and a microfluidic
sample preparation system. The device
will collect and sample particles in the
air, including biological agents, if pres-
ent. To maximize detection potential and
give faster results, the PCR unit and
miniFlo are also being “multiplexed” to
handle multiple samples at once. Other
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system improvements are being made to
both instruments to lower the rate of
false positives (false alarms), increase
the sensors’ sensitivity, and make the
systems even smaller, more rugged, and
less reliant on consumables than they are
now. Livermore expects to have contin-
uously operating, integrated biosensors
available for use within the next few
years.

With two types of sensors working
in tandem, the chance of false alarms
will be reduced considerably. Tolerance
for false alarms differs greatly for mili-
tary versus civilian situations.
Deployed troops are already in a state
of heightened readiness, with protective
equipment available and the training
required to react to attack situations. In
contrast, with civilians, false alarms
could lead to injuries and perhaps to
dismissal of future legitimate alarms.
Thus the military may be able to afford
some level of false alarms, but the goal
for the civilian sector is no false
alarms.

The miniFlo and the PCR systems
have proved their mettle against estab-
lished performance criteria at the U.S.
Army’s international Joint Field Trials
at the Dugway Proving Grounds in
Utah. At Dugway, participants use a
variety of instruments to detect simu-
lant materials representative of typical
biological weapon materials.

At the 1996 Joint Field Trials III,
miniFlo was superb at detecting
Bacillus globigii and Erwinia herbicola
(nontoxic simulants for anthrax and
plague respectively) at various low con-
centrations. Overall, miniFlo detected
87% of all unknowns with a false alarm
rate of under 0.5%. At the 1997
Port/Airbase Advanced Concept
Technology Demonstration and the
January 1998 Dugway Joint Field
Trials IV, the portable PCR unit clearly
demonstrated the potential of PCR as
an effective technique for field identifi-
cation of DNA (Figure 1).
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Networked Detectors

A networked system of these or
other biodetectors could provide U.S.
troops in the field with early warning
of a biological attack. That is the goal
of a project for the Department of
Defense known as JBREWS (Joint
Biological Remote Early Warning
System), on which Livermore is collab-
orating with Johns Hopkins Applied
Physics Laboratory and Los Alamos
National Laboratory. As shown in
Figure 2, JBREWS will consist of a
network of sensors and communication
links. By tying this network into the
military’s existing communications
systems, JBREWS will take advantage
of well-established command and com-
munications procedures. Initially

equipped with commercially available
sensors, JBREWS is being configured
so that improved biodetectors can be
incorporated into the system as they
become available.

Livermore is responsible for what is
known as “C41”—command, control,
communications, computers, and intel-
ligence. The Laboratory is developing
the connectivity between the sensors
and the control station, the software for
all sensors, and an automatic analysis
and reporting system that runs up
through the military chain of com-
mand. JBREWS is scheduled to be
demonstrated in a Department of
Defense Advanced Concept
Technology Demonstration
in 1998.

S&TR June 1998

Biological Forensics at Work

If a bacterium or spore appears in a
collected sample, how will a biodetec-
tor know what it is? The key to identifi-
cation will be a library of “signatures”
of the makeup, function, and DNA of
various biological agents that will be
stored on a microchip in the detector,
together with pattern-matching software
and code for reporting results. This
technology will allow advanced detec-
tors in the laboratory and ultimately in
the field to quickly match the signatures
of collected particles to signatures in its
memory, in much the same way that
fingerprints are matched.

Building on years of experience in
genomics and biotechnology,
Livermore scientists are expanding the

Livermore’s New Biodetectors

Portable PCR

In late 1996, Lawrence Livermore delivered to the U.S.
Army the first fully portable, battery-powered, real-time DNA
analysis system. DNA analysis requires many copies of a
DNA sample, which are made by the polymerase chain reac-
tion. PCR requires repeated cycles of an aqueous sample
being heated close to the boiling point and then cooled. To
detect DNA in a sample, a synthesized DNA probe or primer
tagged with a fluorescent dye is introduced into the sample
before it is inserted into the heater chamber. Each probe or
primer is designed to attach to a specific organism—anthrax,
plague, etc. If that organism is present in the sample, the
probe attaches to its DNA. By measuring the sample’s fluo-
rescence, the instrument reports the presence (or absence) of
the targeted organism.

In Livermore’s portable unit, the thermal cycling process
takes place in a micromachined, silicon heater chamber that
has integrated heaters, cooling surfaces, and windows through
which detection takes place. The PCR reaction and DNA
analysis take place in a disposable polypropylene reaction tube
inserted into the heater chamber.

Because of the low thermal mass and integrated nature of
Livermore’s silicon heater chambers, they require very low
power and can be heated and cooled much faster than conven-
tional units. So the unit is not only portable but also much
faster and more energy-efficient than bench-top models. A
multiple-chamber unit that allows the examination of many
samples at the same time has been field tested.

MiniFlo

Livermore’s miniature flow cytometer is the latest in a series of
flow cytometers developed over the past two decades in
Livermore’s Biology and Biotechnology Research Program
Directorate. Flow cytometers are used in laboratories to analyze
cells and their features, perform blood typing, test for diseases and
viruses, and separate out particular cells or chromosomes. What
sets miniFlo apart from other flow cytometers is its small size,
portability, and sensitivity.

These features are made possible by a novel system that eases
the alignment and increases the accuracy of flow cytometry. In a
flow cytometer, the cells flow in single file in solution while the
experimenter directs one or more beams of laser light at them and
observes the scattered light, which is caused by variations in the
cells or DNA. Instead of using a microscope lens or an externally
positioned optical fiber as a detector, this method uses the flow
stream itself as a waveguide for the laser light, capturing the light
and transmitting it to an optical detector. This approach not only
eliminates the alignment problems that plague traditional flow
cytometers but also collects ten times more light than a micro-
scope lens does. Simpler alignment and more light mean better,
faster analysis.

Bacteria are large enough for individual detection in the
miniFlo, but viruses and proteins are not. So beads large enough to
be detected are coated with an antibody and added to the sample.
The virus or protein attaches itself to the bead and can then be
detected. When different beads are coated with different antibod-
ies, simultaneous detection of several biological agents is possible.

Science & Technology Review June 1998
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To Joint Task Force Headquariers

Figure 2. Livermore scientists are designing
the Joint Biological Remote Early Warning
System (JBREWS) for the Department of
Defense to give early warning to troops in the
field in the event of a biological attack.
JBREWS uses a networked system of sen-
sors that automatically report to a central
computerized command post.

information base of the DNA sequences
of biological agents to enable rapid,
unambiguous identification of biologi-
cal agents. To facilitate this process,
they are developing ways to speed up
the process of finding unique DNA
sequences among organisms.

A process known as representational
difference analysis helps to identify
unique DNA sequences. Parts of the
DNA of two organisms are mixed. If
they stick together, they match; if they
do not stick, they are unique parts.
Currently, this process is cumbersome
and slow, but Livermore scientists are
working to automate it to be able to
examine many sequences in parallel.

Another project is studying specific
pieces of bacterial DNA and examining
the possibility of using their location as
an indicator of differences among
strains. A third project is investigating
virulence factors, which are the genes
that give a biological organism its
infectivity or toxicity. If a bioweapon is
being genetically engineered, those
genes might be moved to an unnatural
host in an attempt to thwart detection
and identification.

In addition to identifying the particu-
lar agent being used, tools being devel-

oped at Livermore also seek to provide
information that will help to identify the
perpetrator of a biological attack.
Livermore biomedical researchers were
among the first to study regional differ-
ences among the various naturally
occurring strains of anthrax and other
biological agents. Law enforcement per-
sonnel will be able to match data about
a pathogen with data on regional or
strain characteristics (indicators of engi-
neered characteristics) and with data on
worldwide biological research, epidemi-
ology, and infectious diseases and
respond to the threat.

Predicting Agent Dispersion
The ability to accurately predict the
dispersion, concentration, and ultimate
fate of biological agents released into the
environment is essential to prepare for
and respond to a biological agent release.
Of particular concern is the threat to
civilian populations within major urban
areas where potential terrorist incidents
are more likely to occur. There the haz-
ard from a biological-agent release
could be confined to a localized area
within or around a single building or
extend out to a large portion of the city
or even into the surrounding suburbs,
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depending on the particular agent
release, the quantity and duration of the
release, and the meteorological condi-
tions under which dispersion of the
agent occurs.

Computer simulations of biological
releases are critical to the design and
placement of biosensor systems. They
also aid in risk assessment, disaster
planning, and emergency response
training (Figures 3 and 4). If a biolog-
ical release were to occur, real-time
predictions of agent concentrations
would be used to characterize the
source, estimate exposure levels, iden-
tify affected areas and best evacuation
routes, and later assist with decontam-
ination. Accurate information about
the likely course of a bioagent attack
is key for emergency response man-
agers, who must notify health offi-
cials, inform emergency response
teams, and make public safety deci-
sions.

The urban biological release problem
is quite complex and requires modeling
capabilities that are still in the early
stages of development and applica-
tion. For example, models of airflow
inside buildings and subways have
been developed to some degree but do
not accurately incorporate the
decrease in airborne concentration that
results from deposition of the toxic
material on walls, ceilings, ventilation
ducts, and other interior surfaces.
Similarly, computational fluid dynam-
ics models of the highly distorted
flows and dispersion patterns created by
complexes of buildings are just begin-
ning to include the effects of biological
aerosols (gravitational settling, depo-
sition, and viability degradation) and
multiple building interactions.

Lawrence Livermore, Lawrence

81



82

Bioagent Detection

Berkeley, Los Alamos, and Argonne
national laboratories are working
together to develop an integrated and
validated atmospheric modeling capa-
bility for biological agent releases in an
urban environment. They will be
applying these models to case studies
in a range of release scenarios, from

Incicken? wied profile

Figure 3. Developing atmospheric models
for an urban setting requires taking many
flow patterns into consideration. As shown
here, air movement around just one building
is highly complex.
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closed office buildings, to subway sys-
tems, to stadiums and street corners.
The goal is to make the models appli-
cable to real-life situations and ulti-
mately to integrate them into the inci-
dent response capability of the
National Atmospheric Release
Advisory Center, located at and operat-
ed by Lawrence Livermore.
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Figure 4. This scenario shows where particles will be 10 minutes after they are released at point X
in a 240-degree (west southwest) wind of 10 meters per second. Several areas of high particle
concentration are visible to the south of the two buildings, with lesser concentrations to the north

and to the east.
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Decontaminating a Site

After an area has been exposed to
a biological attack, it must be decon-
taminated before it can be reopened
to the public. Livermore and Los
Alamos national laboratories are
working together to develop deconta-
mination strategies for three scenar-
ios—an open stadium, a semi-
enclosed subway, and an enclosed
area such as an office or home.
Certain decontamination methods
might be acceptable for one scenario
but not another. For example, more
corrosive reagents and large volumes
of water might be acceptable in a sta-
dium but could not be used in an
office building.

Plain household bleach is one of
the best decontamination agents
around, and it is used regularly in
biological laboratories throughout the
country. But 5% sodium hypochlorite
(as bleach is more technically known)
is a very caustic product, so it must
be used with care. The team is work-
ing to develop decontamination meth-
ods that are as effective as bleach but
more acceptable environmentally.

Decontamination proceeds in sever-
al stages, from cleanup of gross con-
tamination such as puddles of agent,
to localized decontamination of walls
or furniture that were directly exposed
to the agent, to cleanup of ductwork or
inaccessible cracks for hidden contam-
ination, and finally to long-term reme-
diation such as special paints or sor-
bents to destroy small quantities of
agent that are left after completion of
other decontamination. These stages
may require different cleanup materi-
als. A variety of liquids and powders
are being studied, as is an array of
delivery methods such as foams and
gels. One treatment method that has
been found to be effective and more
environmentally acceptable than
hypochlorite (an alkaline product) is
peroxymonosulfate, which is an acidic
oxidizer. Figure 5 compares treatment
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(a) No treatment

(b) Peroxymonosulfate treatment
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(c) Hypochlorite treatment

Figure 5. Bacillus globigii spores (a simulant of the spores that cause anthrax) are shown (a) before and (b) after a 30-minute exposure at
22°C to peroxymonosulfate, an acid oxidizer, and (c) after treatment with hypochlorite, an alkaline oxidizer. Spores were stained with malachite
green (blue-green) and safranin (red) dyes. Safranin dye penetrates only dead spores because of their damaged walls, thus making it a good

indicator of the effectiveness of a biocide.

of a simulant for anthrax with these
oxides. The selected method must be
not only effective but also easy to use
with minimal training.

The social and political issues
involved in decontamination and reen-
try to a site are not being overlooked.
Central to these concerns is “How
clean is clean enough?” The team is
coordinating with the biosensor devel-
opers to devise sampling and analysis
systems that can verify that decontam-
ination is complete.

One hurdle for the decontamina-
tion process is that no real-time
biodetector currently under develop-
ment at Livermore uses an assay that
can distinguish between viable organ-
isms and dead or decontaminated
ones. Work has begun on a “viability
assay” based on flow cytometry to
provide this important piece of infor-
mation so that decontamination can
proceed in a timely manner.

Responding to the Threat
The threat of biological weapons is
all too real, and the U.S. must be pre-
pared to respond if a bioattack occurs
on the battlefield or in a civilian set-
ting. During the 1991 Gulf War, the
U.S. had no systems available for
rapid, timely field detection of bioa-

gents. The situation today is very dif-
ferent. The military has deployed
Biological Integrated Detection
Systems (BIDS), which can tentatively
identify the presence of a suspected
biological agent in the field and warn
soldiers to take appropriate action to
protect themselves against the agent,
pending positive laboratory identifica-
tion. And there are also programs such
as Livermore’s that include new detec-
tion, identification, atmospheric mod-
eling, and decontamination capabili-
ties, which, combined with work by
others on better vaccines and medical
treatment, are bringing the country to

a level of preparedness that can meet
a biological threat.
—Katie Walter

Key Words: biodetectors, bioinformatics,
biological warfare agents, decontamination,
DNA analysis, flow cytometry, genomics,
miniFlo cytometer, National Atmospheric
Release Advisory Center (NARAC), poly-
merase chain reaction (PCR), weapons of
mass destruction (WMD).

For further information contact
Fred Milanovich (925) 422-6838
(milanovich1@Ilinl.gov).
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